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Abstract 
The energy performance and greenhouse gas impact of homes has been at the forefront 
of Australian climate change mitigation policy discussion for several decades.  Various 
levels of government have acted to improve the energy and carbon efficiency of new 
homes through planning and building regulatory instruments.  Most recently the Building 
Code of Australia has been used to introduce minimum energy efficiency standards for 
new homes at 4 stars in 2003, 5 stars in 2006 and 6 stars in 2010. 
But while improving the performance of long-lived assets such as new homes is a 
commonly used policy of developed nations, the relatively poor energy and greenhouse 
performing existing housing stock will continue to have a significant impact on global 
greenhouse gas emissions for many decades. 
The concept of net zero carbon homes has been in the Australian policy debate since 
that target was set by the United Kingdom Government for new homes in 2007, with the 
policy commencing in 2016. And while the focus of the policy debate to date has been 
centred on the construction of new homes, can the same concept of net zero carbon 
homes realistically be applied to the existing housing stock? 
Very little information is available about the practical implementation of net zero carbon 
retrofits on existing Australian homes, and therefore little is known about the value of the 
concept in reducing the greenhouse gas emission impact of the existing building stock. 
The research question was consequently framed as  ̶  can the utilisation of commonly 
available renewable energy and energy efficient technologies allow an existing home to 
be retrofitted to be operationally carbon neutral? 
This research project aims to provide additional information into the national climate 
change mitigation debate through the careful and detailed examination of the practical 
application of renewable energy and energy efficient technologies to an existing home. Toward Net Zero Carbon Homes 
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Chapter 1 – Identifying the problem 
1.1  Introduction 
In recent years environmental concerns have been elevated to the forefront of 
economic, social and political thought.  Global climate change due to anthropogenic 
(human produced) greenhouse gas emissions, and its likely impact on all living things, is 
considered to be one of the biggest challenges facing humanity (Stern 2006, IPCC 2007, 
Garnaut 2008).  To place the policy imperative of climate change in perspective, recently 
the Australian Government (DCC 2008, 1) noted “Climate change is the greatest social, 
economic and environmental challenge of our time.” 
There are many answers offered to reduce mankind’s impact on the global climate, and 
reducing household energy related greenhouse gas emission impacts is seen as an 
important piece of the total solution. 
The concept of zero or ultra-low carbon performance for both residential and non-
residential buildings has been raised (DCoLG 2007a, IEA 2009, DCCEE 2010c) as a 
possible avenue for significantly reducing ongoing energy and greenhouse gas emission 
impacts. 
This paper examines whether well understood and commonly available retrofit solutions 
proposed for existing Australian houses can facilitate net zero operational carbon 
performance (carbon neutral), and therefore provide a practical measure to reduce 
Australia’s climate change impact. This paper aims to explore some of the issues 
surrounding the practical implementation of a zero carbon standard for an existing 
home in suburban Canberra. Toward Net Zero Carbon Homes 
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1.2  Research question 
The prime research question is framed as  ̶  can the utilisation of commonly available 
renewable energy and energy efficient technologies allow an existing home to be 
retrofitted to be operationally carbon neutral? 
The research question can be broken into sub-questions to explore specific issues. 
•  Is there a need to address anthropogenic climate change? 
•  How important is residential energy consumption in causing anthropogenic 
climate change? 
•  What do we mean by net operationally zero carbon (carbon neutral) homes? 
•  What do we mean by commonly available renewable energy and energy 
efficient technologies? 
•  Can operationally zero carbon performance be achieved with a case study using 
a typical suburban existing home? 
•  What are the prospects for applying that approach to the wider housing stock? 
1.3  Research objectives 
To answer those research questions, the project has the following research objectives: 
•  to determine the need to address the carbon impact of existing homes 
•  to develop a methodology for calculating operationally zero carbon homes 
•  to develop a building energy model from limited case study consumption data 
•  to test the feasibility of operationally zero carbon using a case study 
•  to determine the validity of applying the case study findings to the Australian 
housing stock. 
By achieving these objectives the research project aims to provide additional 
information into the national climate change mitigation debate. Toward Net Zero Carbon Homes 
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1.4  Methodology 
This project will utilise a number of research techniques: (a) a literature review; (b) data 
analysis; (c) the development of a model; and (d) the testing of various scenarios. 
The literature review will examine some of the evidence for anthropogenic climate 
change, the need to take action to reduce human impact, and determine the relative 
importance of addressing residential energy consumption.  The literature review will 
explore international approaches and definitions for zero carbon homes. 
Energy consumption data will be interrogated to determine approximate end-use 
energy consumption for an existing home, which will then be used to support the 
development of a building energy consumption model.  A number of energy efficiency 
and renewable energy scenarios will be examined in the model to test the feasibility of 
renovating the case study building to operationally zero carbon. 
To explore the validity of the concept for a wider policy role the research will utilise 
various data sources to examine the relationship of the case study house to the wider 
housing stock, both locally and nationally. 
1.5  Scope and limitations 
Energy consumption in a household is subject to a great number of climatic and 
behavioural impacts (Hinnells et al 2007).  Given the relative impact of weather and 
behavioural influences it is difficult to extrapolate end-use consumption information for 
each of the various heating, cooling, lighting, cooking, hot water, and entertainment 
energy needs from quarterly energy billing data.  This study will utilise a number of well 
understood relationships between climate and energy consumption, system type and 
energy consumption, household size and energy consumption, and household behaviour 
and energy consumption to disaggregate single point billing data into approximate end-
use consumption patterns. Toward Net Zero Carbon Homes 
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The disaggregation process, although based on empirically established relationships is, 
in its very nature, only able to provide a guide to the relative end-use consumption for 
any of the energy systems for any specific period, and therefore the building energy 
model used in this project is based on a number of assumptions that cannot be easily 
tested.  Confidence in the model is gained by comparison to empirical evidence 
collected from similar systems and similar buildings in similar climates. 
The examination of the energy and greenhouse impact of any case study is project, site 
and household specific.  This research exercise is limited by the use of a single case study 
to determine the potential for the operationally zero carbon standard.  It is impossible 
to know with reasonable certainty whether the case study results could be replicated 
across a wider sample, therefore care must be taken to extrapolate the results to the 
larger Australian residential building stock. 
1.6  Report structure 
To place the concept of operationally zero carbon homes in the context of 
contemporary policy, Chapter 2 explores the issue of global climate change, the 
development of national emission saving targets, and the role building energy policy is 
playing in national climate change strategies in developed nations.  The chapter 
concludes with a short exploration of the importance of existing housing in the 
consumption of energy and related production of greenhouse gas emissions. 
While zero carbon homes is an easy slogan to roll-out in policy statements, the goal of 
zero carbon impact homes is only useful if it is defined with clarity.  Chapter 3 explores 
the key issues related to the drawing of boundaries around the concept to facilitate 
carbon emission calculations.  The chapter concludes with defining the concept of net 
zero operational carbon impact homes for the purpose of this study. Toward Net Zero Carbon Homes 
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Chapter 4 explores the specifics of a case study, a home in suburban Canberra that has a 
history of retrofit energy saving and renewable energy generation actions designed to 
reduce its carbon impact.  With eleven years of energy billing data available, the case 
study draws on the available tools for measuring the energy and carbon impact of 
homes to develop a building energy model, and then calibrates that model using the 
practical reality of a real house, in a real climate, used by the same real household for 
the entire period.  The opportunity to establish the relationship between specific retrofit 
actions and actual energy consumption in the model allows a higher level of confidence 
in the predictions of energy savings due to future retrofit actions for this house. 
Although many retrofit actions were undertaken over the eleven year period, the case 
study house had not achieved the goal of net zero operational carbon impact.  Chapter 5 
explores the range of retrofit actions recommended for houses in the cool temperate 
climate of Canberra, and quantifies the expected benefit of a selected range of energy 
saving and energy generation actions.  The chapter concludes with the specific recipe of 
actions that allow the house to reach the goal of net zero operational carbon impact. 
Chapter 6 utilises the findings from the case study and explores whether the goal of net 
zero operational carbon impact can be extended to the wider realm of the existing 
Australian housing stock. 
Chapter 7 considers some of the limitations of the study in addressing the research 
objectives and highlights the need for further exploration of related research questions 
to better understand the potential use of the zero carbon homes concept in Australian 
climate change policy. 
Finally, Chapter 8 draws together the key research findings to conclude whether the 
utilisation of commonly available renewable energy and energy efficient technologies 
allow existing homes to be retrofitted to be operationally carbon neutral.   Toward Net Zero Carbon Homes 
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Chapter 2 – Importance of residential 
abatement 
Research objective: To determine the need to address the operational carbon impact of 
existing homes 
2.1  Policy context 
Global climate change is most likely the greatest economic, social, political and 
environmental challenge facing this generation and our immediate future generations 
(Stern 2006).  The evidence collected and analysed by the world’s leading scientists is 
showing that while within interglacial periods the earth’s temperature is relatively stable; 
recently the scale of anthropogenic greenhouse gases has reached the level which is 
impacting global temperatures (IPCC 2007).  The industrial might of humankind, linked 
closely to a growing obsession for the consumption of carbon based fuels, has meant 
that we are now directly impacting the global climate.  The fourth report of the United 
Nations Intergovernmental Panel on Climate Change (IPCC 2007, 30) states “Warming of 
the climate system is unequivocal, as is now evident from observations of increases in 
global average air and ocean temperatures, widespread melting of snow and ice and 
rising global average sea level.” 
Several nations have commissioned eminent economists such as Stern in the United 
Kingdom and Garnaut in Australia to examine the consequences of anthropogenic 
climate change and those authors have recognised the size of the challenge facing 
mankind.  Stern (2006, i) points out that “The scientific evidence is now overwhelming: 
climate change presents very serious global risks, and it demands an urgent global 
response.”  Garnaut (2008, xvii) looking at the issue from an Australian perspective 
notes “The weight of scientific evidence tells us that Australians are facing risks of 
damaging climate change ... Effective international action is necessary if the risks of 
dangerous climate change are to be held to acceptable levels ... While an effective 
response to the challenge would play out over many decades, it must take shape and be Toward Net Zero Carbon Homes 
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put in place over the next few years. Without such action, if the mainstream science is 
broadly right, the Review’s assessment of likely growth in global greenhouse gas 
emissions in the absence of effective mitigation tells us that the risks of dangerous 
climate change, already significant, will soon have risen to dangerously high levels.” 
What we have built, and the way we live, work and play has evolved without substantial 
consideration of its impact on the global environment.  Global climate change caused by 
the human use of carbon energy fuels, the felling of forests and the mass production of 
foods, all leading to the increased release of greenhouse gas emissions, is probably the 
greatest consequence of not incorporating environmental externalities into energy and 
other prices.  Stern (2006, pviii) writes “Climate change is the greatest market failure the 
world has ever seen, and it interacts with other market imperfections.”  The potential 
extinction of many animal and plant species on Earth caused by irreversible climate 
change could be the ultimate consequence of not incorporating externalities into the 
prices of all activities and goods. 
The production of greenhouse gas emissions due to resource consumption has already 
affected the global climate and unless addressed will continue to negatively impact 
future generations.  The United Nations Intergovernmental Panel on Climate Change 
(IPCC 2007, 45) summarises this point “Continued GHG emissions at or above current 
rates would cause further warming and induce many changes in the global climate 
system during the 21st century that would very likely be larger than those observed 
during the 20th century.” 
The effects of climate change are far reaching and will vary according to the unique 
circumstances of each location.  The types of changes include increased air 
temperatures, rising sea levels, increased extreme weather events such as droughts and 
floods, the spread of diseases and even the loss of natural ecosystems such as the Great 
Barrier Reef (Garnaut 2008).  The Stern Review (Stern 2006, vi) notes: “Climate change Toward Net Zero Carbon Homes 
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threatens the basic elements of life for people around the world – access to water, food 
production, health, and use of land and the environment.” 
Apart from the environmental impacts of fossil fuel consumption, there are a number of 
other policy drivers in Australia supporting a more efficient use of scarce resources: 
including energy security; economic security; human health; and social impacts.  The 
Australian Government when presenting the case for an emissions trading scheme 
stated (DCC 2008, 2) “The environmental impacts of climate change have flow-on effects 
for other aspects of human society, such as the economy, security and human health.” 
2.2  Emissions reduction targets 
Given the need for prompt and substantial policy action on greenhouse gas emission 
abatement, what quantum of abatement is reasonable and within what timetable 
should it be achieved? 
Most national governments have engaged in the international policy debate within the 
United Nations Framework Convention on Climate Change, which has facilitated 
discussions on both short and longer term targets. 
In the case of short-term abatement, the Kyoto Protocol established targets for 37 
industrialised nations and the European Community to address their greenhouse gas 
emissions (UNFCCC 1998). The Protocol was negotiated at Kyoto in December 1997 and 
entered into force in February 2005.  The Australian Government signed the instrument 
of ratification in December 2007 establishing the target of 108 per cent for 2008-12, 
against a baseline of emissions in 1990.  Other nations have agreed a reduction in 
emissions as high as 8 per cent or to limit growth in emissions to no more than 10 per 
cent, with an average reduction across all parties of 5 per cent. 
While the Kyoto Protocol has been useful in encouraging developed nations to start 
transforming their economies to reduce their carbon intensity, medium and longer-term Toward Net Zero Carbon Homes 
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targets have also been discussed under the Framework Convention.  In particular, the 
Copenhagen conference of the parties in 2009 reiterated the long-term aim to limit 
global temperature increases.  The Copenhagen Accord (UNFCCC 2009, 5) states “To 
achieve the ultimate objective of the Convention to stabilize greenhouse gas 
concentration in the atmosphere at a level that would prevent dangerous anthropogenic 
interference with the climate system, we shall, recognizing the scientific view that the 
increase in global temperature should be below 2 degrees Celsius, on the basis of equity 
and in the context of sustainable development, enhance our long-term cooperative 
action to combat climate change.” 
The Garnaut Climate Change Review (Garnaut 2008), probably the most comprehensive 
examination of the impact of global climate change on the Australian economy, 
considered various policy scenarios to determine what level of abatement would be 
appropriate in the medium and longer terms whilst still delivering economic prosperity.  
Although the international policy process is complex and difficult, Garnaut (2008, xxx) 
found that “Strong mitigation, with Australia playing its proportionate part, is in 
Australia’s interests. In preparation for Copenhagen, Australia should support the 
objective of reaching international agreement around an objective of holding 
concentrations to 450 ppm CO2
To date the Australian Government has committed to a 60 per cent reduction in 
emissions by 2050 as measured against 2000 levels, with an interim target of between 
5 and 15 per cent reduction by 2020, but has stated that a higher abatement target 
would be considered if there was international agreement on a more ambitious target 
(DCCEE 2010b).  Figure 2-1 shows the emissions abatement tasks associated with 
different targets.  The target, whatever the final level, must be seen in the context of 
growing energy demand and a carbon dominated energy sector.  Australian Government 
-e—inevitably with overshooting. It should express its 
willingness to reduce its own entitlements to emissions from 2000 levels by 25 per cent 
by 2020 and by 90 per cent by 2050 in the context of an international agreement ...” Toward Net Zero Carbon Homes 
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projections of energy consumption to 2029-30 indicate a growth of 1.4 per cent 
per annum and for coal and oil to continue to supply the bulk of Australia’s energy 
needs (Syed et al. 2010) with resultant greenhouse gas emission impacts. 
Figure 2-1: Emissions Abatement Task 
 
Source:  DCCEE 2010b 
 
Other national governments and groups of governments have committed to quite 
ambitious targets.  For example, the Government of the United Kingdom passed the 
Climate Change Act 2008 (OPSI 2008), which requires that by 2050 the nation’s annual 
greenhouse gas emissions should be reduced by 80 per cent compared to 1990 levels.  
The European Community has agreed to collectively reduce greenhouse gas emissions 
by 20 per cent compared to 1990 levels by 2020, and calls for developed nations to 
reduce emissions by 60 to 80 per cent by 2050 (EC 2007). 
To reach the 60, 80 or even 90 per cent target will require substantial transformation 
across all sectors of the economy that are responsible for carbon emissions including the 
residential building sector. 
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2.3  Building sector impacts 
In Australia, greenhouse gas emissions are caused directly or indirectly by all key 
industry sectors. The most significant direct contributor to greenhouse gas emissions is 
the energy sector which includes stationary energy, transport and fugitive emissions, 
followed by agriculture, land use change, industrial processes and waste (DCCEE 
2010a).  Forestry is a net absorber of emissions.  Table 2-1 shows the relative 
contribution of each sector in 1990 and 2008, and the percentage change during that 
period. 
Table 2-1: Australian Greenhouse Gas Emissions by Sector 1990 and 2008 
  Emissions Mt CO2 % change 
in emissions 
-e 
  1990  2008  1990-08 
Energy  286.4   416.6   45.5% 
  Stationary Energy   195.1   296.4   51.9% 
  Transport   62.1   80.2   29.1% 
  Fugitive Emissions  29.2   39.9   36.6% 
Industrial Processes  24.1   31.1   29.0% 
Agriculture  86.8   87.4   0.7% 
Waste  18.8   14.4   -23.4% 
Land Use Change  136.5   49.7   -63.6% 
Forestry   0.0   -23.0   NA 
Australia's Net Emissions   552.6   576.2   4.3% 
Source: DCCEE 2010a 
Much of the world’s natural resources, stationary energy and potable water are 
consumed in the construction, operation and deconstruction of the urban built form.  
Brown (2008, 221) notes “The building sector is responsible for a large share of world 
electricity consumption, raw materials use, and waste generation.  In the United States, 
buildings — commercial and residential — account for 70 per cent of electricity use and 
over 38 percent of CO2 emissions. Worldwide, building construction accounts for 
40 per cent of materials use.”  Toward Net Zero Carbon Homes 
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An examination by the Australian Government (DITR 2005) found that Australian 
residential and industrial electricity prices are lower than those in the United Kingdom, 
Spain, France, Ireland, Germany, Italy and most of the European Community.  This 
pricing regime in Australia, lower than the full environmental and social costs of 
supplying that energy, has naturally resulted in higher consumption by end users 
including households.  The outcome is substantial energy wastage through poor building 
thermal performance and the over-use of inefficient energy consuming technologies. 
Not only is the total consumption of scarce resources higher than economically optimal 
if the environmental externalities were internalised, but the timing of consumption is 
also leading to economic inefficiencies.  Peak energy loads related to climatic conditions 
and inappropriate building design, such as air-conditioning in poorly insulated and 
poorly shaded buildings, is increasing electricity costs to consumers and leading to 
inappropriate over-investments in energy infrastructure (Berry and Marker 2006), and 
infrastructure unreliability (EES 2004).  Wilkenfeld (2004, 18) highlights the impact of 
air-conditioning on peak energy loads “Air-conditioner peak demand is one of the major 
factors driving capital investment in the National Electricity Market ... In the residential 
sector however, air-conditioners contribute only 5 to 6% of energy but nearly 40% of 
peak day demand.”  The Prime Minister’s Task Group on Energy Efficiency 
(DCCEE 2010b, 9) argued that “Energy efficiency measures may be able to reduce peak 
demand, with resultant cost savings, improved energy security and enhanced efficiency 
in the use of infrastructure.” 
Because national greenhouse gas emissions inventories describe the source of emissions 
rather than end-use activity, emissions due to the construction and operation of 
buildings are hidden within the standard United Nations Framework Convention on 
Climate Change (UNFCCC) classifications.  The production of building materials is hidden 
within industrial processes and stationary energy categories, the transport of those 
materials is hidden within transport energy emissions, construction wastes are held in Toward Net Zero Carbon Homes 
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the waste category, and the energy used in the operation of buildings is captured by the 
stationary energy category.   
Overall, building related emissions are a significant component of Australia’s total 
impact on the global climate.  The most detailed official calculations on building sector 
emissions have been limited to those carbon emissions caused by the operation of 
residential and non-residential buildings, rather than those produced by the 
manufacture, transport and in-situ assembly of buildings.  The Australian Greenhouse 
Office (AGO 2007) determined for operational emissions that “Buildings have a 
significant impact on the natural environment, particularly the production of 
greenhouse gas emissions contributing to climate change. Around 20 per cent of the 
total greenhouse gas emissions in Australia come from the building sector.” With just 
over one half of Australia’s building related emissions due to the operation of residential 
buildings, action to reduce the carbon impact of homes will contribute significantly to 
overall greenhouse gas emission reductions. 
In other similarly developed economies the contribution of the building sector to the 
national emissions profile is large and therefore improving the energy and carbon 
efficiency of buildings is seen as a key abatement policy.  If the emissions profile is 
concentrated on cities then buildings play an even more important role.  The United 
Kingdom Royal Commission into Environmental Pollution (Lawton 2007, 17) found 
“Another distinctive feature of many urban areas is that buildings account for a major 
proportion of CO2
2.4  Policy role for building sector abatement 
 emissions – 70% in the case of London.” 
The link between the national abatement target and building performance improvement 
is well-established.  The World Business Council for Sustainable Development (WBCSD 
2009) states “The building sector must radically cut energy consumption – starting now 
– if countries are to achieve energy security and manage climate change. Some Toward Net Zero Carbon Homes 
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developed countries will have to slash building energy use to at least 80% below the 
business-as-usual (BAU) projection.” 
In the United Kingdom the link is entrenched in government policy considerations.  The 
Energy Saving Trust (EST 2010, 4) states “The Climate Change Act (2008) requires that by 
2050, the UK’s annual carbon dioxide (CO2) emissions should be reduced by 80% 
compared to 1990 levels. Home energy use is responsible for over a quarter of UK CO2 
emissions which contribute to climate change. We must therefore aim to reduce CO2
The United Kingdom has a vast array of complementary policies used to improve energy 
efficiency, decarbonise the energy sector and reduce energy wastage. The Department 
of Communities and Local Government (DCLoG 2007a, 8) describes the array of policies 
affecting housing “This programme includes: action to promote achievement of greater 
domestic energy efficiency by electricity and gas suppliers through the Energy Efficiency 
Commitment (EEC), and its successor, the Carbon Emissions Reduction Target (CERT); 
promotion of voluntary schemes in the retail sector to encourage take-up of more 
energy-efficient consumer electronics products; engagement with citizens, retailers and 
suppliers via the Energy Savings Trust (EST); and action via the Warm Front programme 
and Decent Homes Standard to tackle fuel poverty and energy wastage through 
improved home insulation and heating.” 
 
emissions from all dwellings by an average of 80% to help meet the UK’s long term goal.” 
The key abatement policy position of the building sector in the United Kingdom was 
further strengthened in 2007 by the national government commitment to require all 
new homes built from 2016 to meet a zero carbon standard.  Hungary has set a similar 
path to zero emission new buildings starting in 2020, and the Netherlands has set new 
building standards at energy neutral starting in 2020 (DCCEE 2010c, 151). 
In Australia, building related greenhouse gas emission abatement policy, articulated 
through the 1997 Prime Ministerial statement (Howard 1997), the National Greenhouse Toward Net Zero Carbon Homes 
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Strategy (AGO 1998) and supported by subsequent energy policy statements (COAG 
2001, PM&C 2004), has directed attention to improving the energy efficiency of the 
building fabric in new construction, and the key appliances and equipment commonly 
used.  The focus on building standards was reasonable considering the poor thermal 
performance of our new homes compared to those built in similar developed countries 
(Horne et al. 2005). 
The Australian Government with the support of State and Territory Governments 
introduced minimum energy performance standards into the Building Code of Australia 
(4 Stars in 2003, 5 Stars in 2006, 6 Stars in 2010 based on the Nationwide House Energy 
Rating Scheme), and introduced minimum energy performance standards (MEPS) for 
most white goods and other high energy consuming appliances.  The 2010 building 
standard increased the scope of coverage from thermal performance to lighting and hot 
water appliance performance, and MEPS standards have been introduced to eliminate 
the worst performing lighting and hot water replacement products (COAG 2009). 
At a state level the policy role of building energy performance is pushing beyond 
minimum standards.  The South Australian Government has started testing the zero 
carbon concept at Lochiel Park, where through requiring high levels of solar passive 
design combined with photovoltaics, solar water heaters, and high performance 
appliances, homes are expected to reach close to net zero emissions.  Saman (2010, 3) 
notes “The Lochiel Park Green Village is a world leading exemplar sustainable housing 
development.” 
Recently the Australian Government has turned its attention towards addressing the 
energy and carbon performance of existing buildings through support for insulation, hot 
water and renewable energy systems, low-cost green home renovation loans, and free 
building energy performance assessments.  These new policies have been relatively 
expensive per abatement impact and difficult to implement, and they have been Toward Net Zero Carbon Homes 
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designed to impact a very small part of the total building stock.  For example, at best the 
Green Loans Program was designed to support the improvement of a few hundred 
thousand out of the available eight million existing homes. 
In Australia, the concept of a pathway towards zero emission buildings is seen to 
encompass improvements to both new and existing buildings.  The Prime Minister’s Task 
Group on Energy Efficiency (DCCEE 2010c, 148) stated “The policy goal for such a 
pathway could be to establish a vision and timeframe for delivery of new standards for 
net zero-emissions buildings, and to drive a transformation of our existing building 
stock.” 
2.5  Role of existing homes in building sector abatement 
Is there a rational basis to focus most attention on improving the performance of new 
construction and appliances versus addressing the performance of existing properties? 
In Australia, the number of new homes constructed each year floats between 130,000 
and 170,000 according to rates of immigration and economic factors, but averages 
around 150,000 per annum (ABS 2010).  This means that by 2050, when Australia should 
have reduced its emissions by at least 60 per cent, around 6 million new homes will have 
been constructed, yet most of the existing eight million homes will still be utilised.  
Therefore it is clear that building related abatement policies should be focussed 
reasonably equally on both new and existing buildings. 
Research in Australia and other nations has shown that on average the existing housing 
stock is less energy efficient than that built to new building standards.  A study of the 
housing stock built in 1990 in Victoria (AGO 2000) found that before building energy 
regulations were introduced the average performance was less than 1.0 Stars according 
to the Nationwide House Energy Rating Scheme (NatHERS).  A study of the pre-1996 
housing stock sold in 2005 and 2006 in the Australian Capital Territory (DEWHA 2008) Toward Net Zero Carbon Homes 
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found that the average was still less than 1.7 Stars, taking into account alterations and 
additions that had occurred since those houses were originally built.  Given that the 
Building Code of Australia is moving to a 6 Star standard for new homes in 2010, there is 
a growing difference in likely performance between new and existing homes. 
In the United Kingdom a similar performance difference has been noted.  The most 
recent English House Condition Survey (DCLoG 2007b, 29) found that “The older housing 
stock is typically less energy efficient. Homes built since 1990 have the highest average 
SAP rating (65) whilst those built before 1919 have the lowest (39).” This differential 
points to the need to focus greater attention on the existing housing stock to facilitate 
substantial greenhouse gas abatement.   
The eco-architectual and sustainable housing research community has been at the 
forefront of raising concern about our need to retrofit existing homes to reduce their 
environmental impact and contribute to a more sustainable future.  Boardman (2007, 41) 
notes in her study of reducing United Kingdom housing emissions by 80 per cent by 
2050 “ ... the bulk of the problem is the existing housing stock and how to make it more 
energy efficient and the cause of less carbon emissions ... To achieve an 80 per cent cut 
in carbon dioxide emissions will require an entirely new strategy from the Government 
to transform the efficiency of existing houses.”  Roaf et al (2007) makes an even 
stronger point “It is the responsibility of our generation to begin to adapt our buildings 
to ensure that we can stabilise climate change, that we can live without fossil fuels and 
that we do not unsustainably pollute the environment.  Only be doing so can we ensure 
the survival of our own habitat.” 
Given that it is clear that attention should be placed on improving the energy and 
greenhouse gas performance of the existing building stock, the next question arises - 
should it be refurbished or replaced?  An alternative to upgrading existing buildings is an 
accelerated demolition and replacement strategy, with the new homes meeting high Toward Net Zero Carbon Homes 
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efficiency contemporary standards. The debate about investing in the improvement of 
existing buildings versus an accelerated replacement with new construction has centred 
around a few key issues such as: the embodied carbon of existing homes; the amount of 
waste caused by new construction; the cost of demolition; the social costs of community 
displacement; the economic cost of community displacement; and industry’s capacity to 
replace such a high number of buildings within any reasonable time period. 
Existing buildings embody the energy of all their building materials and construction, 
and although some of that material could be recycled at some cost, much of the 
embodied energy would be lost in demolition.  To replace those buildings will require 
considerable additional material and construction, in total much greater than that 
required to upgrade existing structures.  Boardman, in her exploration of the strategies 
needed to reduce housing emissions in the United Kingdom by 40 per cent (Boardman et 
al. 2005) and 80 per cent (Boardman 2007), argued that demolition rates would need to 
significantly increase because it was harder to upgrade a building to a high standard 
than to design and build an energy efficient home.  Power (2008, 4490) argues against 
this strategy because the building process and the materials used are both highly energy 
intensive, stating “New homes use four to eight times more resources than an 
equivalent refurbishment.” The Sustainable Development Commission (SDC 2005) in the 
United Kingdom suggested it could be as high as a factor of ten more expensive to 
replace a building than do an energy refurbishment. 
Housing has greater values than just shelter from the elements.  Collections of 
households that interact with others in local commercial and recreational facilities, 
interact with the local transport infrastructure, and interact with the natural 
environment, create communities which hold much higher value to the wellbeing of 
residents.  The demolition of homes on a large scale can alienate people from their 
community, and can impact on the economic viability of that local economy hurting 
others.  Power (2008, 4490) describes some of the impacts of demolition “Demolition Toward Net Zero Carbon Homes 
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plans have knock-on effects on schools, shops, health provision, banks and other local 
services, most of which leave an area before it is demolished and do not return till long 
after rebuilding, if at all.” 
The opposite effect happens when buildings in areas with good transport links are 
retrofitted, not only from the economic stimulation of investing refurbishment funds 
into the local commercial sector, but by encouraging the upgrading of other properties 
and facilities within the area.  Power (2008, 4496) describes this scenario “Firstly, 
upgrading existing property sets in train a virtuous circle of reinvestment, revaluing 
unused buildings and land while encouraging upgrading of all property to much higher 
quality and energy-efficiency standards ... It has a positive impact on the wider 
neighbourhood, sending a signal that renewal and reinvestment will ensure the 
long-term value and stability of an area. This in turn generates other investments and a 
broader upgrading.”  
The Sustainable Development Commission (SDC 2006 and 2007) argued that greater 
public effort should be placed on refurbishing existing communities rather than 
demolition, given its negative environmental, social and economic consequences. 
Significant energy savings and greenhouse gas emission reductions have proven to be 
readily available from both new and refurbished residential buildings.  A four year study 
by the World Business Council for Sustainable Development (WBCSD 2009, 11) looking 
at building operational energy consumption across four continents found “Both new and 
existing buildings can be made more energy-efficient using a combination of passive and 
active measures in design and operation. Incorporating the best design and technical 
solutions in new and existing buildings can cut energy use by about two-thirds...” 
Buildings like the Beddington Zero Energy Development (BedZED), a large complex of 
low energy homes on the outskirts of London, has been subjected to extensive 
performance measurement over many years demonstrating some 88 per cent decrease Toward Net Zero Carbon Homes 
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in heating energy, 57 per cent decrease in hot water energy, 45 per cent decrease in 
electricity and 50 per cent decrease in water consumption against those in the local area 
(Chance 2009).  Published evaluations (Lazarus 2002, Hodge and Haltrecht 2009, Chance 
2009) have found that BedZED has performed as predicted, with substantial savings in 
energy consumption and carbon emissions. 
In Germany, the Passivhaus standard has been applied to many thousands of homes 
with measured energy and greenhouse gas emission reductions.  DCLoG (2006, 36) 
notes "There are now some 6000 buildings (including many homes) built to the 
voluntary German Passivhaus standard. This is ultra-low energy design, with no 
conventional space heating and energy demand lower than 15 kilowatt-hours 
per square metre per year. The Passivhaus standard relies on very high levels of 
insulation and airtightness and on passive heating/cooling."  The Passivhaus standard 
would be roughly equivalent to a thermal standard in Australia above 8 NatHERS stars. 
Retrofitting homes has been found to achieve very large energy savings, especially in 
climates more extreme than Australia.  Research into large retrofit programs in Germany 
(BMVBS 2010) and the United Kingdom (Milne and Boardman 2000, Power 2008) have 
resulted in very large net energy savings to the households.  Those programs have 
utilised a wide range of technologies including the upgrading of the buildings thermal 
performance, improved appliances and equipment, heat recovery systems, and the 
introduction of renewable energy systems.   
The German low carbon retrofit experience is quite extensive.  BMVBS (2010) noted 
“Around 2,230 housing units with an overall area of more than 138,000 m² are having 
their energy performance improved. Approximately 49 percent of the buildings are 
owned by the housing sector; the remaining 51 per cent are privately owned (24 per 
cent private owners of multi-family homes and 27 percent owners of single and two-
family homes).  The construction phase is scientifically monitored and evaluated from Toward Net Zero Carbon Homes 
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beginning to end. It has already been demonstrated that energy-efficient forms of 
construction can cut energy requirements by an average of 80 per cent.” 
In the United Kingdom a similarly large energy saving was achieved.  Power (2008, 4493) 
writes “The BRE Trust carried out an energy audit for the Prince’s Foundation of the 
impact of energy-efficient renovation on SAP ratings. It showed that a 60% reduction in 
energy use was achieved in tenement flats with insulation to roofs, external walls 
(internally applied), windows (double glazing), gas central heating and hot water 
replacing a mix of gas and electricity, and draft- sealing doors.” 
It is easy to view the house in isolation of the socio-technical context and not recognise 
the interplay between buildings and people, between technologies in buildings and the 
households who interact with them.  The basic concept of socio-technical systems 
interaction is that systems are both socially constructed and society shaping.  The 
electrical grid and gas pipes connecting houses, suburbs and cities are shaped by 
communal decisions, and in-turn influence our energy use habits.  The fact the energy is 
always available day and night, irrespective of the local weather, climate seasons, the 
path of the sun or the environmental cost of provision, has shaped our high energy 
consumption behaviour, which in turn embeds further technology use. 
In contrast, some researchers (Keirstead 2005, Darby 2006) argue that the use of 
renewable energy technologies connects households to weather patterns and seasonal 
changes, and provides feedback on the limits of low carbon energy.  This relationship 
with system capacity then in turn shapes human behaviour.  Examining the 
environmental impact of housing ECI (2006, 45) found “As well as providing a low 
carbon source of energy, LZC [low or zero carbon technologies] also represent a move 
towards more decentralised power generation, making energy generation and use more 
visible to householders. This in turn may lead to an increased awareness of energy use 
and encourage people to adopt more resource-conserving behaviour in general.” Toward Net Zero Carbon Homes 
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The problem of a transition to a more technology savvy community better engaged with 
the energy performance of their home should not be underestimated as some 
researchers have found.  Williams (2009, 1) noted “Residents have encountered 
difficulties in understanding, operating and maintaining new technologies in their homes. 
This is for a variety of reasons: lack of knowledge, lack of time, difficulties obtaining 
replacements, aesthetic quality, poor design, lack of information about benefits etc.” 
In recognising the link between technology and society we can understand why some 
technology-centred policies with the goal of reducing the environmental impact of 
housing have not achieved the desired impact. Policies that concentrate on technologies 
at the expense of social and behavioural issues, therefore isolating end users from 
energy supply and demand relationships are less likely to achieve the desired low carbon 
impact.   
A low carbon future awaits where households are able to comfortably engage with the 
energy infrastructure of their home, and their consumption behaviour is in-turn shaped 
by that engagement.  Birkland (2005) describes a future where households and the 
physical infrastructure are linked for environmental benefit “The home can play a 
pivotal role in the transformation towards sustainability, through the development of 
self-sufficient lifestyles, community building and the fostering of non-patriarchal values.” 
2.6  Adapting existing homes to a future climate 
The design and fitout of buildings will impact their operational efficiency in a changing 
climate.  Locally, scientists have found that (CSIRO 2007, 6) “Australian average 
temperatures have increased by 0.9
oC since 1950, with significant regional variations. 
The frequency of hot nights has increased and the frequency of cold nights has declined.”  
This process of change is expected to continue even if significant global abatement is 
achieved over the next few decades.  The CSIRO technical report on climate change in 
Australia (CSIRO 2007, 9) notes: “The best estimate of annual warming over Australia by Toward Net Zero Carbon Homes 
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2030 relative to the climate of 1990 is approximately 1.0
oC, with warmings of around 
0.7-0.9
oC in coastal areas and 1-1.2
o
An illustration of the variation in monthly temperatures can be seen in Figure 2-2 which 
highlights how each month varies against the mean for that month over the sixty year 
period for Canberra.  Although the fluctuations are large with means between minus 6
C inland.” 
oC 
and positive 5
o
Figure 2-2: Anomalies in Monthly Minimum Temperatures 
C different from the average, it is possible to identify a warming trend 
through the 1980s and 1990s, whereby the majority of variations are higher in 
temperature against the long-term average for that month. 
 
Source: http://climexp.knmi.nl/ 
CSIRO has modelled the future Australian climate based on Intergovernmental Panel on 
Climate Change scenarios.  The Scenario B1 model, whereby CO2 emissions peak in 2040 
at double 1990 levels, shows Canberra region mean summer temperatures will increase 
by around 1.0 to 1.5
oC and mean winter temperatures will increase by between 0.6 to 
1.0
o
Increasing temperatures in many parts of Australia and a greater frequency of extreme 
climatic events are likely to lead to greater numbers of heat stress deaths, increased 
C (www.climatechangeinaustralia.gov.au/nswacttemp1.php).  These changes are too 
small to be detected by most people in a place of high diurnal, seasonal and annual 
climate variability, but are able to be identified as trends across many years of data. Toward Net Zero Carbon Homes 
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cooling degree days requiring greater use of air-conditioning, increased building running 
costs, and additional investment in space conditioning plant.  Governments are starting 
to realise that a changing climate will mean changes to both new construction and 
existing buildings (DCC 2010, 6) “ ... new building standards will be needed to enable 
buildings to withstand more severe weather events. But, once those new standards are 
agreed, it will take time to implement them both in existing buildings wherever possible 
and in new structures as our building stock is gradually replaced.” 
Buildings constructed many years ago are unlikely to have been designed to perform 
efficiently in a changed climate, particularly when knowledge of a changing climate was 
not in the public domain. A study of the impact of climate change in the United Kingdom 
(ARUP 2008, 10) found “ ... regardless of the success of these efforts, our climate will 
continue to change for the next 40 to 50 years as a result of past and current emissions 
and will change beyond depending on future emissions. Adapting our current housing 
stock is therefore essential in order to make homes and their occupants less vulnerable 
to the impacts of climate change and to keep emissions from housing low in the longer 
term.” 
There are multiple benefits from upgrading existing homes to be energy efficient.  Not 
only are those buildings more thermally comfortable, cheaper to operate and have a 
lower greenhouse gas impact, but in a changing climate they are more likely to remain 
fit for purpose.  ARUP (2008, 8) noted the importance of adaptation “It is predicted that 
by 2050, only 30 per cent of the total stock will have been constructed post-2006. 
Therefore, widespread adaptation of existing homes is crucial to ensuring that they are 
comfortable, marketable, resource efficient and fit for purpose in the present and the 
future.” Toward Net Zero Carbon Homes 
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2.7  Decarbonisation of economy 
The decarbonisation of the economy through major energy system structural changes 
such as the improvement of efficiencies at thermal power stations, switching from coal 
to natural gas, the possibility of geosequestration, and the increased use of renewable 
energy technologies will result in a lower carbon impact from the operation of existing 
buildings, but the inefficient consumption of energy in homes will increase the cost and 
timeline of the transition. 
Existing homes have been found to be highly energy inefficient when compared to new 
construction, and offer a significant opportunity to reduce energy consumption and 
reduce costs as nations decarbonise their energy systems.  How much abatement is 
possible from existing buildings using commonly available technologies? 
As noted earlier, large home retrofit programs in Europe have achieved energy and 
carbon savings of around 60 to 80 per cent.  In the United Kingdom the target for new 
construction has been set at net zero carbon impact from 2016.  Is this target technically 
achievable for the existing building stock using commonly available technologies? 
Newton and Tucker (2009) argue that given the nature of various market failures within 
the Australian economy, even with an internalised carbon price brought about by 
increasing costs to greenhouse gas polluters there could well be a role for decarbonising 
the residential building sector “Under the current CPRS design [proposed Carbon 
Pollution Reduction Scheme] low cost abatement in one sector of the economy will 
lower the price of abatement by the economy overall, but some market failures will 
remain. This will result in some low cost abatement opportunities within the built 
environment sector not being achieved in the absence of targeted policies or programs. 
It is in this light that any transition to ultra-low carbon housing needs to be considered, 
including whether a ‘zero carbon housing’ target is warranted in Australia.”   Toward Net Zero Carbon Homes 
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Chapter 3 – Defining zero carbon homes 
Research objective: To develop a methodology for calculating operationally carbon 
neutral homes 
3.1  Background to zero carbon homes concept 
The concept of ultra-low carbon impact buildings was popularised by Brenda and Robert 
Vale in their book The Autonomous House (1975) which described how to design and 
build a home that would not pollute the Earth or squander its resources.  Their follow-
up publication The New Autonomous House (2000) demonstrated the reality of 
achieving a net zero carbon home using technology commonly available at the time.  
Examples of highly energy efficient homes supplemented by renewable energy 
technologies began to appear in other countries such as the USA, New Zealand, 
Germany and Australia (Vale and Vale 2000, IEA 2009). 
In 2007, on the back of public sentiment for immediate and strong action on climate 
change and the 2006 release of the Stern Review on the Economics of Climate Change, 
the United Kingdom Government released a discussion paper (DCLoG 2007) suggesting 
that building regulations should be tightened progressively over a ten year period to 
reach a net zero carbon standard in 2016.  The Department of Communities and Local 
Government document Building a Greener Future established a bold and ambitious 
objective (DCLoG 2007, 4): “In summary, we proposed to achieve a zero carbon goal in 
three steps: moving first, in 2010 to a 25 per cent improvement in the energy/carbon 
performance set in Building Regulations; then second, in 2013, to a 44 per cent 
improvement; then, finally in 2016, to zero carbon. We said that zero carbon means that, 
over a year, the net carbon emissions from all energy use in the home would be zero.” 
The United Kingdom is not alone in its pursuit of significant abatement from the building 
sector through the goal of net zero energy or net zero carbon buildings with countries 
including Denmark, Hungary, the Netherlands, USA and New Zealand amongst those 
that have discussed a path towards the net zero goal (IEA 2009, DCCEE 2010c).  The Toward Net Zero Carbon Homes 
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International Energy Agency Joint Project: Towards Net Zero Energy Solar Buildings (IEA 
2009, 2) notes “Given the global challenges related to climate change and resource 
shortages, much more is required than incremental increases in energy efficiency. 
Currently, a prominent vision proposes so called ‘net zero energy’, ‘net zero carbon’ or 
‘equilibrium’ buildings. Although these terms have different meaning and are poorly 
understood, several IEA countries have adopted this vision as a long-term goal of their 
building energy policies.” 
In their consideration of the net zero carbon standard for new homes, the United 
Kingdom Government recognised that there would be flow-on effects to the existing 
home retrofit market as relatively new technologies became commercialised and 
established as normal practice by the industry, and as products and services became 
better understood by consumers (DCLoG 2009c, 43).  With the manufacturing sector 
scaled up to produce low carbon products, supply lines developed, the skills of the 
construction sector improved to install those products, and as building design industry 
gains the knowledge and skills to specify those products, those benefits would similarly 
flow down to building retrofit opportunities. 
Theoretical reductions in energy demand and expected electricity and heat generation 
from renewable technologies can be a long way from the practical reality of real 
buildings with real households.  Critics of the proposed United Kingdom net zero carbon 
standard (Osmani and O’Reilly 2009a&b, Sujana et al. 2009, McManus et al. 2010) have 
argued that although it may be possible for industry to innovate and bring new products 
to the marketplace, the challenge to match heat and electricity demand with supply is 
not easy, difficulties will exist trying to determine which technologies are cost effective 
when the climate and the carbon intensity of the electricity grid significantly change, 
combined with the challenge of helping users to understand how to get the most from 
all energy systems, will mean that a theoretical zero carbon home could fall well short of 
the goal.  McManus et al (2010, 2019) note “Some technologies, particularly PV, Toward Net Zero Carbon Homes 
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currently entail significant embodied energy and carbon, and many such as combined 
heat and power systems have generation characteristics which do not give their 
maximum benefit under real-life working conditions. Others such as heat pumps will be 
strongly affected by changes to the future carbon intensity of the grid. Additionally, the 
interaction of households with these energy technologies can drastically alter the ability 
of low and zero carbon technologies to deliver theoretical levels of environmental 
performance.” 
The governmental goal of net zero carbon operational impact for new homes has raised 
many questions that need to be answered before the standard can be delivered 
effectively.  For example, what is meant by the phrase net zero carbon operational 
impact?  What are the boundaries for the calculation, what aspects of energy 
consumption and production should be taken into account, and what types of emissions 
should be considered? 
3.2  Establishing boundaries 
To communicate to stakeholders what it was trying to achieve as zero carbon, the 
United Kingdom Government (DCLoG 2009b) described a three step approach with the 
aim of focussing solutions on-site: 
•  a high level of energy efficiency in the fabric and design of the dwelling 
•  ‘carbon compliance’ – a minimum level of carbon reduction to be achieved from 
on-site technologies (including directly connected heat networks) and 
•  ‘allowable solutions’ – a range of measures available for achieving zero carbon 
beyond the minimum carbon compliance requirements. 
The United Kingdom Government standard was further refined through consultation 
with stakeholders and became (DCLoG 2009d, 5) “...that all new domestic build from 
2016 must have zero net emissions from all energy use in the home over the course of a 
year. This includes space heating, ventilation, hot water, lighting and an estimate of Toward Net Zero Carbon Homes 
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energy use from cooking and appliances. This definition would allow for fossil fuels or 
electricity from the grid to be used, provided they are matched by an equivalent export 
of low or zero carbon energy, bringing net carbon to zero over the year. “ 
In the United States of America, the terms Zero Energy Buildings (ZEB) and Zero Energy 
Homes (ZEH) have been popularised by the Department of Energy through the work of 
the Office of Energy Efficiency and Renewable Energy.  Various zero energy and zero 
emission building concepts (Torcellini et al. 2006) have been developed and explored as 
a way of communicating the energy and environmental impact of buildings, noting that 
each concept will affect the choices designers make in specifying buildings: 
•  Net Zero Site Energy: A site ZEB produces at least as much energy as it uses in a 
year, when accounted for at the site.  
•  Net Zero Source Energy: A source ZEB produces at least as much energy as it 
uses in a year, when accounted for at the source. Source energy refers to the 
primary energy used to generate and deliver the energy to the site. To calculate 
a building’s total source energy, imported and exported energy is multiplied by 
the appropriate site-to-source conversion multipliers.  
•  Net Zero Energy Costs: In a cost ZEB, the amount of money the utility pays the 
building owner for the energy the building exports to the grid is at least equal to 
the amount the owner pays the utility for the energy services and energy used 
over the year.  
•  Net Zero Energy Emissions: A net-zero emissions building produces at least as 
much emissions-free renewable energy as it uses from emissions-producing 
energy sources.  
The United States Department of Energy (Torcellini et al. 2006) argues that by applying a 
hierarchy of supply side options starting at energy efficiency to reduce demand, 
followed by on-site renewable, rather than off-site renewable energy generation will Toward Net Zero Carbon Homes 
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deliver the largest environmental outcome.  Torcellini et al (2006, 3) note “A good ZEB 
definition should first encourage energy efficiency, and then use renewable energy 
sources available on site. A building that buys all its energy from a wind farm or other 
central location has little incentive to reduce building loads, which is why we refer to 
this as an off-site ZEB.” 
After exploring the four main options using the energy supply side hierarchy, the 
American Government (Torcellini et al. 2006, 2) determined that “At the heart of the 
ZEB concept is the idea that buildings can meet all their energy requirements from 
low-cost, locally available, non-polluting, renewable sources. At the strictest level, a ZEB 
generates enough renewable energy on site to equal or exceed its annual energy use.” 
Currently there is no Australian Standard for the concept of net zero carbon operational 
impact for residential buildings although there is movement internationally.  The 
International Energy Agency Towards Net Zero Energy Solar Buildings (IEA 2009, 3) 
states “The objective of the Task is to study current net-zero, near net-zero and very low 
energy buildings and to develop a common understanding, a harmonized international 
definitions framework, tools, innovative solutions and industry guidelines.” Thus the 
work of the group should create the basis for an international standard. 
In Australia, the building and design industries have started taking interest in 
understanding the concept of net zero carbon homes, with initial talks lead by the 
Australian Sustainable Built Environment Council (ASBEC).  In 2009, ASBEC released a 
discussion paper and hosted a workshop to promote debate about the bounds of the 
concept (ASBEC 2009, 3) “Under this definition the carbon emissions generated from 
on-site or off-site fossil fuel use are balanced by the amount of on-site renewable 
energy. Other definitions include not only the carbon emissions generated by the 
building in use, but also those generated in the construction of the building and the Toward Net Zero Carbon Homes 
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embodied energy of the structure. Others debate whether the carbon emissions of 
commuting to and from the building should also be included in the calculation.” 
The Prime Minister’s Task Group on Energy Efficiency (DCCEE 2010c, 148) in Australia 
has described the concept as “A net zero-emissions building is generally defined as a 
building that over the course of a year offsets as many greenhouse gas emissions as it 
creates (or generates enough renewable energy to power itself).  A zero-emissions 
building combines passive energy-efficient design, energy efficient appliances and 
renewable power generation (sometimes not located on site but possibly as part of a 
nearby neighbourhood project).” 
AusZED, a consortium of industry, research and government, has developed a 
demonstration house in Melbourne to show that a zero carbon standard home is 
practical and achievable in Australia.  AusZEH (http://www.auszeh.org.au/about.html) 
determined the standard for their exercise to be “A ZEH is a detached residential 
building that does not produce or release any CO2
A study by PricewaterhouseCoopers (Kentish 2009), involving stakeholders from 
Australia, the United States and the United Kingdom found that the boundaries of zero 
carbon homes were uncertain and in need of clarity.  Key questions raised were “... 
should zero carbon be measured at the unit level, development or community level? 
Should the zero carbon definition allow offsite abatement? Should it include embodied 
energy? Should it allow for the connection of any fossil fuel energy?” 
 or other greenhouse gases to the 
atmosphere as a direct or indirect result of the consumption and utilisation of energy in 
the house or on the site.”  This definition is limiting (restricted to detached homes), 
addresses a few boundary issues but is vague on how the emissions are calculated. 
The key problem in defining net zero carbon homes is drawing the boundaries of what 
will be included in the calculation of emissions.  The main issues include: Toward Net Zero Carbon Homes 
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•  house versus household lifestyle related emissions 
•  operational versus life cycle emissions 
•  on-site versus off-site impacts 
•  current versus future consumption 
•  building energy modelling versus actual emissions 
•  net energy neutral versus net carbon impact 
•  going beyond net zero carbon energy. 
To facilitate clarification of the standard which will be applied to the case study, those 
issues have been explored in further depth. 
3.2.1  House versus household lifestyle related emissions 
The actions or lifestyle of householders result in energy consumption and greenhouse 
gas emissions across many sectors from food production, logistics and preparation, to 
transport due to work, education, shopping, holidays and recreation.  The lifestyle of 
each householder will gradually evolve throughout their life as they move from 
dependency as a child to independence as an adult back to dependency in old age, and 
will be greatly influenced by their access to resources.  For example, those with the 
resources for an overseas holiday will most likely have a greater carbon impact on 
average than those that holiday locally.  Lifestyle related emissions can vary greatly from 
month to month and year to year according to the ever changing value set and interests 
of the household.  Researchers (SDC 2007) have argued that lifestyle emissions are 
directly related to the development of communities rather than the construction of 
houses. 
If the exercise of the standard is to compare lifestyles then carbon impacts of the 
household external to the property should be included, but if the purpose of the 
standard for net zero carbon homes is to be able to compare building related energy and Toward Net Zero Carbon Homes 
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carbon impact then the boundary should be set on those emissions that are due to only 
those activities that occur wholly within the physical boundary of the development. 
3.2.2  Operational versus life cycle emissions 
Those greenhouse gas emissions embodied in the manufacture, transport and 
installation of all building materials can be quite substantial but are likely to be an order 
of magnitude smaller than operational impacts.  Recent research conducted on 
residential buildings (Ospay 2005, RMIT 2006) has found that operational impacts are 
significantly larger than embodied energy or greenhouse impacts.  RMIT (2006) noted 
“Building materials represent 10% of the life cycle building greenhouse emissions and 2% 
of Australian greenhouse impacts. This suggests that if reducing greenhouse emissions is 
a priority, operational design considerations should be paramount when examining 
building materials.” 
Even if the embodied energy or embodied greenhouse impact of buildings was larger 
than those studies have found, the lack of currently available and reliable embodied 
energy data based on nationally agreed methodology means that there is no firm basis 
to rate buildings outside their operational impact.  The lack of an agreed systematic 
process for calculating embodied impacts is not only a local problem.  When considering 
the boundaries for the net zero carbon homes policy the United Kingdom Government 
(DCLoG 2007, 14) noted “We do not believe a full consideration of embodied carbon is 
practical or realistic in the short-to-medium term. Evidence on the lifetime carbon costs 
of particular technologies is weak, and varies considerably depending on where and how 
they are manufactured.” 
3.2.3  On site versus off site carbon offsets 
The calculation of net zero carbon homes is based on balancing the negative impact of 
energy consumed within the defined boundaries (i.e. limit of the building’s operation), 
against the benefit of energy produced by low carbon sources such as renewable energy Toward Net Zero Carbon Homes 
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technologies.  Where the amount of greenhouse gas emissions due to energy 
consumption is equalled or exceeded by the production of energy with a zero carbon 
impact, the building is characterised as net zero carbon. 
The economics of renewable energy technologies are such that larger systems often 
provide a better return on investment, or particular locations may provide a better 
return due to available wind power or sunlight.  With these locational and scale benefits 
available it has been argued that the location of the low carbon energy source should 
not be limited to the site of the building (Torcellini et al. 2006, DCLoG 2007).  The debate 
has included limiting the low carbon energy source to (a) the building site; (b) the 
development site (could be as large as suburb scale); (c) a political boundary such as city 
or council district; (d) the national boundary; or (e) any location available. 
In the United Kingdom the active policy debate has led to the recognition of both the 
economic benefits at the development scale but the practical difficulties of assigning 
benefits to energy systems outside development boundaries.  DCLoG (2007, 16) notes 
“We are clear that solutions to zero carbon for the 2016 target are acceptable at the 
development level ... A more difficult issue that has been raised by consultees is 
whether solutions that deliver zero or low carbon energy away from the development 
should also be allowed to score towards meeting the zero carbon target. This can be 
referred to as ‘carbon offsetting ... We believe that the zero carbon standard should be 
applied at the development level, rather than on every individual home, so developers 
are able to use a range of technologies, such as district heating, or wind turbines, that 
can provide for low or zero carbon energy to a whole development.” 
3.2.4  Current versus future consumption 
Buildings have a relatively long effective life.  DCCEE (2010c, 142) found that buildings 
typically last for between 30 and 80 years, while Garnaut (2008, 379) noted “Domestic 
and public infrastructure tends to be long-lived - for example, residential buildings Toward Net Zero Carbon Homes 
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typically have a design life of about 40 years, although average actual lives are longer.” 
Over the effective life of a residential building many energy related impacts will change.  
For example, some appliances and equipment will be replaced, the number of 
appliances may increase with wealth, and the household composition may change.   
Technology advancement is likely to impact the energy performance for many 
appliances and equipment that are replaced throughout the life of a building.  For many 
years technology change driven by minimum performance standards and/or 
performance disclosure regulation has lead to significant improvement in the energy 
efficiency of appliances and equipment.  The energy consumption of fridge/freezers 
purchased in Australia has reduced by around three per cent per year for over a decade 
(Harrington and Brown 2007).  Harrington and Brown (2007, 5) describe the 
improvement of energy performance in Australian purchased white goods “All white 
goods covered by the mandatory energy labelling scheme, apart from clothes dryers, 
have shown a substantial and persistent ongoing improvement in energy consumption 
and other attributes such as water consumption. This is despite, in many cases, 
increases in appliance capacity or size over the study period.” 
It is impossible to calculate a house to have a future net zero carbon impact, when the 
actual behaviour of the household and the effective performance of the appliances and 
equipment used in the home in the future are all unknown.  A simpler approach is to 
calculate net zero carbon impact based on defined user behaviour and the energy 
consuming systems installed at the time of calculation.  It is highly likely, but not certain, 
that as technology performance improves for replaced appliances and equipment a 
carbon neutral house measured today may become a net exporter of energy. 
3.2.5  Building energy modelling versus actual consumption 
The actual consumption of energy and therefore production of greenhouse gas 
emissions for any house is related to many factors, such as: Toward Net Zero Carbon Homes 
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•  local weather patterns 
•  the number and age of householders 
•  householder work and educational patterns 
•  householder comfort expectations 
•  householder wealth as it applies to the purchase and use of energy consuming 
appliances and equipment. 
The number and extent of these greatly variable impacts means that it is impossible to 
compare the relative merits of a building against the design and construction of any 
other using actual consumption information, mainly because the likelihood of matching 
the actual set of circumstances is very slim.  Instead it is common to apply default 
weather files and standardised behaviour patterns to a mathematical model of each 
building and then applying known laws of the physical world to allow fair comparison. 
Of particular difficulty in the comparison of household energy consumption is the energy 
and greenhouse impact of using household appliances.  For building regulation it is 
common to eliminate that impact and just regulate building thermal performance by 
limiting heat loss and/or gain.  Alternatively, each system such as thermal comfort, 
lighting and hot water is regulated separately assuming standardised behaviour settings 
linked to the expected average number of occupants throughout the effective life of the 
dwelling. 
In setting the boundaries for net zero carbon homes, the debate about appliance energy 
consumption has centred around whether to include the emissions due to appliance use, 
and if so, how to accurately capture the likely consumption of energy and therefore 
carbon impact.  In the United Kingdom, the government has decided to include all major 
energy consuming activities within the home including the use of major appliances and 
equipment (DCLoG 2007, 14) “... zero carbon means that a home should be zero carbon 
(net over the year) for all energy use in the home. This would include energy use from 
cooking, washing and electronic entertainment appliances as well as space heating, Toward Net Zero Carbon Homes 
 
 
37 
 
cooling, ventilation, lighting and hot water.” This policy means that buildings are able to 
be compared according to the quality and design of the structure, plus the expected use 
of the actual appliances and equipment installed at that time. 
3.2.6  Net energy neutral versus net carbon impact 
The carbon intensity of different energy sources varies, and therefore the carbon impact 
of the same amount of delivered energy can be different according to the fuel type used. 
In Australia, the use of highly carbon intensive fuels such as brown and black coal and 
the inefficiency of the generation process, means that grid supplied electricity has a 
higher carbon footprint than supplying the same amount of energy in natural gas.  The 
National Greenhouse Factors (DCC 2009) published by the Australian Government 
indicate that electricity available in the Australian Capital Territory has a 
247.2 kg CO2-e/GJ impact and natural gas has a 51.2 kg CO2
If the purpose of the exercise was to reduce the carbon impact of energy consumption 
without the application of renewable energy systems, then the greenhouse intensity of 
the fuel would be important.  For example, a house without renewable energy systems 
that used highly carbon intensive electricity for heating water would have a higher 
carbon footprint than heating the same volume of water with natural gas, if we can 
assume both appliances are similarly efficient.  But as soon as the electricity is supplied 
by renewable sources such as photovoltaics, the carbon footprint of the electrical hot 
water system falls below that of the natural gas system. 
-e/GJ impact.  This means 
that for the same amount of energy, and the same end-use efficiency of the appliance, 
natural gas will have a carbon impact approximately one fifth that of electricity. 
A calculation based on the measured or predicted energy consumption is simpler than 
incorporating the greenhouse gas coefficient for each fuel.  Once the total energy 
generated by renewable sources is greater than the total energy consumed, the building 
becomes operationally carbon neutral. Toward Net Zero Carbon Homes 
 
 
38 
 
3.2.7  Going beyond net zero carbon energy 
It can be argued that by limiting the calculation of environmental impacts to the direct 
consumption of energy many other environmental impacts will be missed.  Some 
commentators (Hawken et al. 2000, McDonough and Braungart 2003) have suggested 
we should go beyond reaching the carbon neutral position, break out of the efficiency 
focussed limitation, and strive to be net positive to the planet.  McDonough and 
Braungart (2003) argue we need to look beyond retrofitting industrial systems to reduce 
harm: “Cradle-to-cradle design, on the other hand, offers a framework in which the 
effective, regenerative cycles of nature provide models for wholly positive human 
designs.  Within this framework we can create economies that purify air, land, and water, 
that rely on current solar income and generate no toxic waste, that use safe, healthy 
materials that replenish the earth or can be perpetually recycled, and that yield benefits 
that enhance all life.” 
3.3  Defining the standard for the case study 
Given the number and complexity of the issues raised in defining net zero carbon homes, 
it is useful to establish some simple guiding principles that can shape a definition that 
can be easily applied to this study.  Some simple guiding principles could be: (a) the 
exercise should be limited to those activities that can be easily measured with 
reasonable certainty; (b) the exercise should allow fair comparison between buildings; 
and (c) the measurement should consider the likely average operational impacts over 
the building’s effective life.  Given these three principles, the boundaries of what will be 
included in the calculation of emissions for net zero carbon homes in this study will be: 
•  House versus household related emissions – the study will only include those 
emissions due to energy consumption or production within the physical 
boundary of the property, and therefore excludes emissions external to the Toward Net Zero Carbon Homes 
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building due to food production and sourcing, transport, recreation, education, 
employment and entertainment. 
•  Operational versus life cycle emissions – the study will be limited to emissions 
caused by energy consumption and production due to the normal operation of 
the building. 
•  On-site versus off-site offsets – the study will be limited to those carbon offsets 
that are due to the production of energy within the physical boundary of the 
property. 
•  Modelled versus actual emissions - the study compares a building against the 
standard of net zero carbon homes which includes all major energy consumption 
and production due to the defined average use of installed appliances and 
equipment covering thermal comfort (heating, cooling and ventilation), lighting, 
cooking, hot water, entertainment, communications, cleaning and general living. 
•  Net zero energy versus net zero carbon - in the case of net zero carbon homes as 
applied in this study, all energy consumed in operating the building is offset by 
renewable energy with a zero carbon impact, therefore the focus of the exercise 
must be to minimise the amount of energy consumed and supply it with the 
least amount of renewable energy technology, rather than fuel switch between 
carbon polluting fuels. 
•  Going beyond net zero carbon – while the concept of striving to be net positive 
to the environment by creating a building that systematically improves the 
natural environment is laudable, for the purpose of this study actions will be 
limited to reaching a net operational zero carbon impact. 
For the purpose of the study the definition of net zero carbon homes will be taken from 
Newton and Tucker (2009, 2) who define zero carbon homes as “uses carbon free 
energy over the entire year, sufficient in quantity to supply all household energy needs Toward Net Zero Carbon Homes 
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(both dwelling operations and appliances to match any lifestyle). Connection to the grid 
is primarily in order to supply energy that is surplus to household needs, and for periods 
of emergency supply when local energy systems may be inoperable.”  By focussing 
attention on supplying carbon free energy over the entire year, the household is 
effectively using the grid as a storage battery, drawing back on those occasions when 
supply does not meet demand for electricity. 
To allow retrofit options to be considered systematically to the case study house it is 
reasonable to establish a strategy for reaching the zero carbon target.  Ren et al (2007) 
adopted a simple three stage approach to delivering low energy consuming zero carbon 
homes, being (in order): 
1.  Reduce energy demands of individual buildings (adopt ‘passive’ design 
principles). 
2.  Meet outstanding energy demands using efficient technologies. 
3.  Supply energy for buildings from low or zero carbon technologies. 
This three step approach is consistent with the approach taken by Newton and Tucker 
(2009) and many eco-house designers. 
The strategy to be applied to the case study house, when considering the available 
retrofit actions, can be summarised as: 
1.  Reduce energy demand with passive design principles. 
2.  Deliver that energy efficiently. 
3.  Supply the total energy consumed with on-site zero carbon sources. 
   Toward Net Zero Carbon Homes 
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Chapter 4 – Case study 
Research objective: To develop a building energy model from limited case study 
consumption data 
To test the viability of achieving the net zero carbon standard using commonly available 
energy efficient and renewable energy technologies, the three step approach (described 
in Chapter 3) is applied to an energy model of a real house (the case study house).  This 
process allows various energy efficiency and renewable energy retrofit scenarios to be 
tested to determine the feasibility of reaching the net zero carbon goal. 
To establish the building energy model it is important to: 
•  determine the physical characteristics of the building and its systems that 
impact on energy consumption 
•  understand the relationship between the building and its local climate, and 
•  calibrate the model using the history of retrofit actions. 
Building energy models use physical laws such as the principles of thermodynamics, and 
observed behavioural relationships such as those between the local climate, the building 
systems and the building users. For example, the rebound effect which is covered in 
more detail later in this chapter is a behaviour that impacts the relationship between 
retrofit action and resultant energy consumption.  The calibration exercise allows the 
observed behaviour of the building users to be integrated into the model. 
The building energy model is informed by the creation of a thermal comfort model using 
the AccuRate second generation software tool from the Nationwide House Energy 
Rating Scheme.  The AccuRate software tool uses details from the floor plan and 
elevations, and construction specifications to determine the amount of heat needed, or 
needed to be removed, to maintain thermal comfort.  This information is combined with 
appliance and equipment performance information and energy consumption data to 
create a comprehensive energy end-use model. Toward Net Zero Carbon Homes 
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To establish the full set of relationships for a building energy model from single point 
billing data rather than energy consumption end-use data is difficult and relies on many 
assumptions.  This process reduces confidence in the accuracy of the relationships 
established, but for the level of accuracy needed for this study, the availability of many 
years of billing data is sufficient to be reasonably confident that approximate end-use 
consumption patterns can be established. 
4.1  The case study house 
The case study house, located in Canberra, has been selected because of the availability 
of eleven years of energy consumption data and associated retrofit actions that can be 
used to build and calibrate the building energy consumption model.  Refer to 
Attachment A for the case study house floor plan.  Image 4-1 shows the case study 
house from the north-east. 
Image 4-1: Case study house 
 
Source: Author Toward Net Zero Carbon Homes 
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The cool temperate climate of Canberra is one of extremes.  Located in the Great 
Dividing Range and elevated at 580 metres above sea level, winter conditions can reach 
minus 10
oC while summer temperatures can exceed positive 40
o
The main climate characteristics that will impact low carbon impact building design are: 
low humidity; summer and winter conditions that are regularly outside human comfort 
range; and a high diurnal temperature range.  A month by month climate profile for 
Canberra, highlighting the range of conditions within which the house will need to 
operate efficiently, is available at Attachment B. 
C. 
Completed in 1995, the dwelling, typical of the brick veneer construction on concrete 
slab built in Canberra during the 1990s, is situated on a 434m
2 east-west orientated 
block in the outer suburb of Ngunnawal.  The house has windows on all orientations.  
The inbuilt carport is located on the east end of the house shading the main bedroom 
from harsh summer morning sun.  The case study home has a floor area of 123m
2 with a 
conditioned floor area of 118.7m
2
The house, as constructed, was thermally inefficient; being built without ceiling 
insulation or basic draft proofing treatments and, apart from the slab floor which is 
mostly covered by insulating carpet or cork flooring, has very little internal thermal mass.  
The walls were insulated with R1.5 glassfibre batts as per the Australian Capital Territory 
regulatory requirement applied at building approval stage.  Just after construction local 
building regulation was amended to require a building energy performance standard at 
the NatHERS 4 star level rather than a building product specification. 
. 
The windows were typical of the low performance standard acceptable at that time; 
principally aluminium framed clear single glazing with sliding openings.  The windows 
were decorated by closed weave curtains but had no pelmets.  Many of the windows are 
shaded by 450mm eaves but large east and west facing windows are without adequate 
protection from the hot summer early and late day sun. Toward Net Zero Carbon Homes 
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The house embraces a large amount of winter sunlight and heat through the numerous 
north facing windows but, due to thermally poor glazing and poor insulation, the house 
would have been uncomfortable for the occupants for much of the year without 
supplementary heating or cooling.  Space heating was supplied by a gas wall furnace, 
supplemented in bedrooms by oil filled electric convection heaters. To facilitate cross 
ventilation, a courtyard is located towards the middle of the house which opens 
ventilation paths to three centrally located rooms. 
The house was installed with reasonably efficient appliances for that era, including a two 
door fridge/freezer, a top loading washing machine, and clothes dryer.  Lighting was 
supplied by a single ceiling located incandescent globe per room/space and a set of five 
50 watt dichroic (halogen) downlights above the kitchen bench.  The cooking appliances 
include a four burner gas range, electric oven and small microwave oven. 
The externally located 5 star gas storage hot water system was a reasonably good 
energy performer for its time, but would be considered very inefficient when compared 
to the currently available instantaneous gas or solar products.  The average performance 
for storage hot water systems at the time of house construction was 3.7 stars (DEWHA 
2008c) consuming approximately 23,400 MJ/year or around 450MJ/week. 
The study house has undergone a series of major and minor retrofit actions to improve 
its energy and carbon performance.  For each year following the base year 1996-97 
various changes were made to its thermal efficiency, major appliances and lighting 
system.  A summary of the key changes is listed in Table 4-1. 
   Toward Net Zero Carbon Homes 
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Table 4-1: Study house retrofit actions 
Year  Action 
1996-97  Baseline 
1997-98  R3.0 ceiling insulation above lounge/dining and main bedroom 
1998-99  R3.0 ceiling insulation above all other rooms, CFLs for high use lights 
1999-00  Aircell foil insulation under roof, CFLs for other high use lights 
2000-01  R3.5 ceiling insulation above existing insulation for all rooms 
2001-02  Fixed shade device on 50% of pergola 
2002-03  Seasonal shade sail added to pergola, CFLs on low use lights 
2003-04  Refrigerator replaced with 4 star model, 1.5kW PV system added 
2004-05  R1.5 rockwool cavity wall insulation 
2005-06  Exhaust fans capped, draught proofing for doors 
2006-07  Front loader washing machine, LED lights over kitchen bench 
 
In addition to the eleven years of energy consumption data available from the study 
house, a full three years of energy production data is available from the grid interactive 
rooftop photovoltaic system. 
The combination of energy consumption data related to various retrofit actions plus the 
energy production data provides a strong basis to determine how feasible would it be to 
convert the house to the zero carbon standard. 
4.2  Measuring performance 
Given the net zero carbon homes standard defined for the purpose of this study in 
Chapter 3, it is important to explore appropriate methods of calculating the energy 
consumed and produced for a particular house. 
Building energy performance is commonly determined by applying knowledge of the 
physical properties of building materials in known climate conditions, in combination 
with standardised user behaviour patterns drawn from locally measured behaviour. Toward Net Zero Carbon Homes 
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In the United Kingdom, the Government has determined that building energy 
consumption and production for zero emission homes will be measured using the Code 
for Sustainable Homes (DCLoG 2008, DCLoG 2009a) which uses energy and greenhouse 
outputs from the Standard Assessment Procedure (SAP) calculation, plus additional 
information on other appliances and external lighting.  
The SAP rating is calculated from space heating and cooling energy costs, and those 
related to water heating, ventilation and lighting, less cost savings from energy 
generation technologies (BRE 2009). The rating is adjusted for floor area to allow 
buildings of different size to be compared. The SAP rating scale goes to a maximum of 
100, with the higher the number reflecting expected lower running costs.  The English 
House Condition Survey 2005 found that the average SAP level was 48 (DCLoG 2007b). 
The Code for Sustainable Homes allows a range of other non-energy related 
environmental factors to be considered, including: 
•  water efficiency  
•  surface water management  
•  site waste management  
•  household waste management  
•  use of materials. 
The Code for Sustainable Homes has a scoring system of six levels. The different levels 
are made up by achieving both the appropriate mandatory minimum standards together 
with a proportion of the ‘flexible' standards (BRE 2009). 
In Australia, the closest comparison to SAP is NatHERS which was established by the 
Australian Mines and Energy Council (later renamed the Australian and New Zealand 
Minerals and Energy Council) in the early 1990s as a means to encourage better thermal 
comfort in homes.  The NatHERS scheme assigns a star rating (originally to 5 stars and Toward Net Zero Carbon Homes 
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later to 10) to dwellings derived from a calculation of the sum of annual heating and 
cooling energy theoretically required to maintain thermal comfort within particular 
bounds for a standardised household profile.  Standardised comfort settings, internal 
thermal loads and household behaviour patterns are used to allow fair comparison 
between buildings rather than a comparison between occupant behaviour.  NatHERS 
can be described as a scheme that communicates the potential for a dwelling to have 
low energy requirements for heating and cooling.  NatHERS does predict final energy 
consumption because the heating and cooling appliance efficiency is not considered. 
The predicted heating and cooling loads (before appliances) can be used to demonstrate 
the relative benefits of one design scenario against another.  Outputs from NatHERS 
software communicate the amount of heat energy needed in a space, or needed to be 
removed from a space, to maintain human thermal comfort.  This information is 
combined with appliance efficiency specifications to determine the likely annual 
consumption of energy. 
The NatHERS calculation engine was developed by CSIRO in conjunction with all 
Australian governments and has undergone a series of significant improvements 
(Williamson 2000) leading to the release of the 2
nd Generation NatHERS calculation 
engine in 2003.  The 2
nd
The energy consumed by a particular household is related to actual behaviour towards 
variables such as thermostat settings.  For example, households determine not only 
what temperatures are most comfortable but when they can no longer tolerate 
 Generation NatHERS engine is based on a robust platform of 
good science and a set of average behaviour patterns, and various validation exercises 
over many years (Delsante 1995 2004 and 2005, Saman et al. 2007, Dewsbury et al. 
2008 and 2009) have demonstrated that it is sufficiently robust to fairly assess the 
inherent nature of a building to be thermally efficient in Australian climates and in the 
context of contemporary lifestyles. Toward Net Zero Carbon Homes 
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uncomfortable temperatures.  Individual behavioural characteristics influence the timing 
and/or frequency of use for major appliances, the opening and closing of curtains, blinds 
and windows.  For hot water, not only is the temperature setting a personal issue but so 
is volume consumed at any one time.  For example, the length of time for running the 
water prior to and during the shower will affect the amount of water that is heated, as 
will the mix of hot and cold water.  Behavioural influences extend to the kitchen and 
laundry for the choice of cooking appliances, or the use of automated dishwashers and 
the selection of water temperature for washing clothes. 
In general, energy assessment modelling tools have pre-programmed behavioural 
patterns established to represent the average behaviour across a large sample of the 
intended audience.  Researchers have found that the behaviour of the household can 
have a significant impact on the consumption of energy.  Hinnells et al (2007, 1108) 
notes “... consumption varies hugely based on behaviour (occupancy, temperatures, 
hours of heating, understanding of the heating system etc) and consumption is only 
loosely related to dwelling type ... For the same dwelling type, consumption can vary by 
an order of magnitude.”  As occupant behaviour can vary greatly, the use of an energy 
model is only valid for the prediction of future consumption behaviour if the model can 
be validated and calibrated against actual energy consumption for that household and 
that particular house. 
Given the size and nature of behavioural impacts, for this study the availability of a full 
eleven year period of energy consumption data for a single house and household allows 
the energy assessment tool to effectively be calibrated to the behaviour of the 
household, and for realistic estimates of future savings to be calculated with a 
reasonable level of confidence.  One of the key behavioural effects impacting on energy 
consumption is the rebound effect.  The calibration exercise across a number of retrofit 
actions will allow the rebound effect to be incorporated into the building energy model. Toward Net Zero Carbon Homes 
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4.3  Incorporating the rebound effect in the energy model 
The behaviour of households can be an important factor in energy consumption.  
Research conducted in many countries has found the more people get access to 
affordable energy and thermal comfort, the more they take.  This factor, often referred 
as the rebound effect, means that even though a house may be made more thermally 
efficient, the householder may consume as much energy because they can afford to 
keep the house, or more of the house, at a higher level of comfort. 
The rebound effect can be divided into two main components: (a) micro - using the 
increased efficiency to increase the consumption of that utility (i.e. thermal comfort); 
and (b) macro - using the increased efficiency to afford additional and separate energy 
consuming activity.  The second part extends the rebound effect to the greater economy 
whereby energy saving dollars may be used for the purchase of additional appliances, 
equipment or experiences, therefore leading to greater consumption than predicted by 
simply applying the laws of thermodynamics. 
Economists such as Daniel Khazzoom (1980) and Len Brookes (1990) have postulated 
that direct, indirect, and economy-wide rebound effects will absorb the expected 
benefits and may lead to a net growth in energy consumption and greenhouse gas 
emissions.  The Khazzoom-Brookes postulate in simple terms states that if a process is 
made more efficient then there will be greater demand for that function and therefore a 
rebound effect in energy consumption.  The greater the efficiency gain, the greater the 
demand for that function, the greater the total energy consumption. 
On the macro scale, in 2005-06 the United Kingdom Department for Environment, Food 
and Rural Affairs commissioned several independent research institutes to model the 
economic impacts of energy efficiency policy actions for that nation.  The results from 
two of these projects, University of Cambridge (Cambridge 2006) and University of Toward Net Zero Carbon Homes 
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Strathclyde (Allen et al. 2006) indicated that there would be a rebound effect, with that 
effect in the 20-40 per cent range. 
At the micro scale the strength of the rebound effect has been found to be impacted by 
many socio-economic, climatic and building related factors (Boardman and Milne 2000, 
Geller and Attali 2005, Sorrell 2007, Sorrell et al. 2009, Hens et al. 2010).  These 
researchers have noted that the more extreme the climate, the worst the building’s 
thermal qualities and the poorer the economic condition of the household, the greater 
the quantum of rebound.  The key factors are: 
•  stage of life of the occupants (working life, retirement, child raising, etc) 
•  number of occupants 
•  the thermal quality of the home 
•  wealth of occupants 
•  extreme of climate. 
For the case study it would be expected that as the building became more thermally 
efficient throughout the eleven year retrofit, some potential energy savings were taken 
as comfort.  The amount of rebound specific to thermal comfort can be identified by 
comparing the consumption predicted by NatHERS with actual consumption. 
Likely future rebound related behaviour is incorporated into the building energy model 
by the calibration process, facilitating a more accurate prediction of consumption 
following various future retrofit scenarios. 
4.4  Calibrating the energy assessment tool 
Energy savings and carbon savings from possible future actions can be estimated by 
using energy assessment tools that apply the known rules of the physical world to a 
given house scenario and given set of household behaviours.  The calibration of the 
energy assessment tool against a substantial period of actual consumption and energy Toward Net Zero Carbon Homes 
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efficiency improvement information allows the model to be more closely aligned to the 
reality of a real household’s behaviour.  By establishing the relationship between the 
model and the behaviour of the case study household, including rebound effects, a more 
accurate assessment of future savings for this household can be created. 
For this study the full eleven years of energy consumption, from electricity and gas bills, 
can be mapped against a known set of building and appliance scenarios for a single 
household. By comparing the consumption predicted by the energy assessment tools for 
each building and appliance scenario (different retrofit actions each year), it should be 
possible to establish a relationship between the model and actual consumption. 
This relationship will only be valid for the particular household, for the applicable stage 
of their life, in a particular house and climate, but general assumptions can be made 
about the relative value of equivalent actions across a larger population.  In other words, 
while the exact amount of energy saving in mega-joules for a particular energy saving 
action will be specific to the household and that house, the percentage (relative) saving 
is likely to be a valuable indicator of the saving potential for the general population. 
4.5  Data limitations and the disaggregation process 
Energy consumption in a household is subject to a great number of climatic and 
behavioural impacts.  It is difficult to extrapolate accurate temporal end-use 
consumption information for each of the various heating, lighting, cooking, hot water, 
and appliance energy systems from single time point energy billing data, which only 
provides information about the billing period (days) and total energy consumed. 
To disaggregate the electrical and gas billing data into approximate end-use 
consumption patterns this project will utilise a number of empirically determined 
relationships between climate and energy consumption, system type and energy 
consumption, household size and energy consumption, and household behaviour and Toward Net Zero Carbon Homes 
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energy consumption.  The disaggregation process is only able to provide a informed 
estimate to the end-use consumption for any of the energy systems for any specific 
period, but the use of empirically established relationships and comparisons with 
measured data for similar buildings in similar climates provides confidence that the 
end-use consumption estimates are within the accuracy needs of this study. 
The data correction and disaggregation process begins with time point billing data for 
both electricity and gas for the period April 1996 to March 2007.  The raw data is: 
•  divided into shorter and consistent (weekly) periods to allow easier comparison 
•  corrected for unusual periods of high or low consumption to allow comparison 
•  smoothed to reflect the gradual nature of seasonal climatic and related 
behavioural impacts. 
Once the data is divided into consistent weekly periods, cleaned and smoothed, specific 
periods of summer and winter extremes can be interrogated to identify particular 
climate related loads (i.e. heating and cooling energy consumption).  At these high and 
low point consumption periods, known consumption relationships can then be applied 
to predict with reasonable confidence the average annual loads for heating, cooling, 
lighting, cooking, hot water, and other appliance energy needs.  A more detailed 
description of the data correction process is available at Attachment C. 
4.6  Correcting the data 
Electricity and gas billing data provides only the total energy consumed for a set period 
of days, usually approximating a two or three month period.  This data masks periods of 
higher and lower daily consumption due to climatic variability, periods of high house 
usage (i.e. visiting family members), or periods of low house usage (i.e. overseas 
holidays).  The inconsistent billing periods, ranging anywhere from 7 to 14 weeks in 
length, means that a total of four bills is unlikely to represent a complete 12 month 
period and allow annual comparisons.  Figure 4-1 Panels A and B represent the raw Toward Net Zero Carbon Homes 
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billing data for gas and electricity averaged per week for the full eleven year period, and 
show the characteristic irregular billing based consumption pattern which has not been 
corrected for material fluctuations in consumption due to house usage and seasonal 
influences. 
Figure 4-1: Raw Billing Data 
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When corrected for known periods of materially higher and lower weekly consumption 
due to high house usage (visiting family members and boarders), or periods of low 
house usage (interstate and overseas holidays) the annual consumption patterns 
become more consistent.  Figure 4-2 Panels A and B show the corrected data for gas and 
electricity for the full eleven year period. 
Figure 4-2: Corrected Data 
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After correction Figure 4-2 Panels A and B show a more consistent annual consumption 
pattern, with the electricity consumption pattern showing a gradual reduction in 
seasonal peaks reflecting the program of efficiency actions.   
Adjustments to the data have been limited to those that are materially large (impacts no 
less than a seven day period), and therefore many smaller impacts will continue to be 
hidden in the data.  The process of correction allows the number of low consumption 
periods (weeks) to be subtracted from the billing period increasing the average daily and 
weekly load.  The result reflects the likely weekly load if the house was inhabited in a 
normal (average) pattern for the full billing period. 
To build a more accurate picture of consumption reflecting seasonal impacts, the raw 
data is then adjusted in week blocks at the boundaries between billing periods to 
smooth the transition between billing periods, and is then adjusted within billing periods 
to reflect the changing of the seasons (particularly important for heating energy and 
lighting consumption).  For example, a single billing period may start in the late summer 
(minimum energy consumption) but span until the start of winter (higher consumption 
rate).  To better reflect likely consumption the colder end of the period is loaded with 
more of the billing amount than the start.  This adjustment is limited to changes within 
each billing period and does not change the total amount of energy consumed for any 
billing period.  The purpose of this adjustment is to facilitate better comparison between 
years of any season or period of weeks. 
A more detailed description of the data smoothing process is available at Attachment C. 
The end result is a consumption pattern based on actual consumption within known 
periods, but with relatively smooth inter-bill and seasonal transitions from summer to 
winter and so forth, allowing fairer annual and season comparisons.   Toward Net Zero Carbon Homes 
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Figure 4-3 Panels A and B showcase the corrected and seasonally adjusted consumption 
pattern for gas and electricity. 
Figure 4-3: Smoothed Data 
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Figure 4-3 Panel A shows that weekly gas consumption, particularly during the winter 
months, dropped quickly in the first three seasons before stabilising for three years and 
then increasing to a new stable peak consumption pattern for the final four years. 
Figure 4-3 Panel B highlights a systematic reduction of weekly consumption across the 
full period, with significant reduction in the winter peaks and a gradual reduction in the 
weekly base consumption for all seasons.  Noticeable is also the gradual lengthening of 
the lower plateau representing the summer or period of lower consumption, 
demonstrating an increasing period where weekly consumption was at, or close to, its 
lowest level, and shorter periods impacted by winter loads. 
Later in this Chapter the investigation of the retrofit actions will explain the observed 
changes in consumption each year.  The corrected and smoothed data will allow 
comparisons with the energy model for each energy action scenario and the calibration 
of the model to adjust for the behaviour of the household. 
The process of creating the corrected and smoothed consumption data from the original 
billing data means that the projected consumption pattern resembles the likely 
consumption pattern if the building was occupied in the normal (average) manner for 
the full 52 weeks of the year. 
The annual consumption of energy for the case study house from raw billing data is only 
around 93 per cent of the projected (corrected) consumption rate due to the 
assumption of continual use.  The billing data annual consumption reflects the fact that 
this particular household was on average away from the home for four weeks each year 
on annual leave, a luxury not enjoyed by all households.  The higher corrected number 
(“projected” consumption) will be used in this study to allow the calculation of annual 
carbon impact to be more typical of continuous occupation. 
   Toward Net Zero Carbon Homes 
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Table 4-2: Raw billing and corrected energy consumption 1996-97 to 2006-07 
Period  Raw Billing Data (MJ/yr)  Corrected Data (MJ/yr) 
 
Gas  Electricity  Gas  Electricity 
1996-97  40,502  23,105  40,732  23,066 
1997-98  36,534  19,398  37,634  20,357 
1998-99  33,075  15,867  33,466  16,063 
1999-00  27,261  11,354  32,503  13,878 
2000-01  28,505  12,330  30,376  12,785 
2001-02  25,140  9,850  31,093  11,824 
2002-03  27,160  8,773  32,957  11,076 
2003-04  35,165  9,475  32,290  10,476 
2004-05  31,588  7,545  34,030  8,506 
2005-06  30,212  9,321  32,782  8,484 
2006-07  30,350  6,769  33,256  7,263 
 
It is important to recognise that although the accuracy of determining energy 
consumption for any specific week is limited by the use of single point billing data, this 
project only extracts consumption trends from either six week blocks (summer and 
winter peaks) or annual periods and therefore the accuracy of individual weeks is not 
critically important.  For the purpose of this study the approximation of corrected and 
seasonally adjusted weekly consumption from the variable billing periods is sufficient to 
establish seasonal and annual consumption trends within the building energy model. 
4.7  Interrogating the data 
Because the house did not have time-of-day or separate energy system monitoring it is 
very difficult to identify the actual loads for each energy end-use such as lighting, hot 
water, space heating and cooling, cooking, and general appliances. 
Energy consumption for particular end-uses such as lighting and space heating and 
cooling are impacted greatly by seasonal needs, while other loads such as entertainment Toward Net Zero Carbon Homes 
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equipment, hot water and cooking are either not impacted or marginally impacted by 
the changing of the seasons. 
By analysing seasonal differences in energy consumption for a given building scenario, it 
is possible to separate seasonal and regular loads.  The relative importance of each 
end-use is available from a national stock perspective, and can be applied to extract 
reasonable estimates for each end-use for both seasonal and regular loads for the case 
study house.  These estimates will also be useful in analysing the value of savings for 
each future scenario.   
Each summer and winter period is impacted by variations in weather conditions (i.e. 
cold versus mild winter periods, hot versus mild summer periods) but the use of six 
week blocks for each peak period reduces the impact of shorter-term weather 
anomalies in the development of trends. 
Table 4-3: Average summer and winter peak energy consumption 
Period  Summer Peak (MJ/wk)  Winter Peak (MJ/wk) 
 
Gas  Electricity  Gas  Electricity 
1996-97  370.2  149.9  1247.2  794.7 
1997-98  354.4  154.5  1203.3  676.3 
1998-99  354.3  121.8  1039.7  494.6 
1999-00  356.1  120.3  1007.9  480.7 
2000-01  350.6  120.3  1015.8  462.3 
2001-02  355.6  120.0  1000.7  450.7 
2002-03  357.6  118.9  1063.9  381.8 
2003-04  358.2  114.2  1054.5  324.1 
2004-05  357.6  110.2  1076.3  285.9 
2005-06  362.2  112.9  1061.8  257.3 
2006-07  361.0  95.5  1079.8  247.8 
 
Table 4-3 highlights the very large differences in the summer and winter peak energy 
consumption for both gas and electricity.  Because the house did not have a space Toward Net Zero Carbon Homes 
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cooling (air-conditioning) system, the large differences are almost entirely due to space 
heating systems, with a gas furnace servicing the lounge dining area and electrical 
heaters servicing the bedrooms and study.  An electric blanket was also used in the 
master bedroom.  Small seasonal differences are likely for lighting, cooking and hot 
water, whereby larger amounts of energy are likely during cooler and darker winter 
periods. 
In the case of gas consumption, the major seasonal load is space heating in the 
lounge/dining area, whilst the regular loads, although marginally impacted by seasonal 
changes, come from water heating and cooking. 
In the case of electricity consumption the major seasonal load is space heating for 
bedrooms and the study (bedroom 2 as shown in Appendix B) during winter.  Lighting 
will be responsible for a lesser seasonally variable load, while general household 
appliances such as clothes washing, ironing, battery chargers, et cetera are likely to have 
little or no seasonal differences.  Entertainment equipment (i.e. TVs, set top boxes and 
hifi systems) are likely to be impacted by only a small seasonal effect.  Refrigeration is 
expected to have a strong seasonal response to the summer heat and a lesser winter 
load for the uninsulated scenario, but moderated when the building indoor temperature 
is stabilised by insulation and shading retrofits. 
Changes in peak load trends can be matched with a given building/appliance/equipment 
scenario.  For example, the average summer electrical consumption of around 
152 MJ/week in the first few years reduces to around 120 MJ/week after the installation 
of ceiling insulation (smaller refrigeration load) and replacement of incandescent globes 
with CFLs, and reduces to around 112 MJ/week with the replacement of the refrigerator, 
before dropping below 100 MJ/week with the upgrade of the washing machine and the 
replacement of dichroic downlights with LED downlights in the kitchen. Toward Net Zero Carbon Homes 
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4.8  Applying national and ACT energy end-use data 
To further extrapolate annual energy end-use consumption from the summer and 
winter peaks assumptions can be made from well understood consumption patterns. 
National residential energy consumption baseline data (DEWHA 2008b) in Figure 4-4 
shows the relative importance of each end-use for the period of this study.  These are 
national averages and therefore each climatic zone would be expected to convey 
regional differences in the relative importance of end-uses.  For example, the relatively 
cold Canberra winter would increase the relative importance of space heating over 
other end uses when compared to the relatively warmer Perth winter.   
It should be noted that the relative load due to electrical appliances and space cooling 
increases from 1990 to 2007.  This is most likely due to the increasing availability of 
affordable electrical products and equipment including air conditioners, and an increase 
in the comfort expectations of households.  No space cooling system was used in the 
case study house. 
Figure 4-4: Australian residential energy consumption by end-use 1990-2007 
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Panel B: End-use consumption 2007 
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Source: DEWHA 2008b 
The end-use consumption data for the ACT (DEWHA 2008b) indicates that the average 
annual consumption is 115 per cent higher than the national average.  Figure 4-5 
highlights that the vast majority of the increase is contained in the space heating load 
which is much higher at 49 per cent of the total than the national average of 43 per cent 
for the same period. 
Figure 4-5: ACT average residential energy consumption by end-use 1990 
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Source: DEWHA 2008b Toward Net Zero Carbon Homes 
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One way to estimate energy consumption by end-use would be to apply the local 
percentage for each system to the annual consumption quantities that arise from the 
corrected data exercise.  This approach would not facilitate the creation of a building 
energy model that reflects changes in end-use consumption across the eleven year 
retrofit period. 
The approach taken for this study is to extrapolate end-use consumption estimates for 
the study house using the summer peak and winter peak periods to isolate seasonal 
loads, and identify those loads that do not vary greatly with climate season.  Some 
minor seasonal variations have been measured and documented, for example 
AS/NZS 4234 2007 Heated water systems – Calculation of energy consumption describes 
the seasonal hot water use profile to have an average summer profile between 0.7 and 
0.8 of the average monthly load (Thermal Design 2007).  Other season impacts have 
been estimated, such as for lighting and cooking. 
Some of the minor seasonal variations used in the extrapolation exercise are: 
•  Peak winter lighting load would be expected to be larger than the summer load 
(less hours of useful sunlight).  A factor of 75 per cent is used to represent the 
peak summer load against the average weekly load. 
•  The cooking load would increase in winter due to oven use, with the total 
moving towards the ACT average.  A factor of 80 per cent is used to represent 
the peak summer load against the average weekly load. 
•  Water heating energy consumption would increase in winter due to greater heat 
loss from storage tank and lower cold water input temperature.  A factor of 
80 per cent is used to represent the peak summer load against the average 
weekly load. Toward Net Zero Carbon Homes 
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•  The heating load does not exist during the summer peak period, and although 
no cooling system is available in the case study house, it can be assumed that no 
cooling load would exist during the winter peak period. 
The case study house was built in 1995 and has energy systems such as the lighting 
system (single central light per space) that more closely resemble the stock model of 
1990 than the stock constructed in the twenty-first century, and therefore system 
consumption relationships will be drawn from the 1990 residential end-use baseline. 
For the case study house, if it is assumed that summer cooking is reserved to gas stove 
top and therefore very little electricity consumption, and by applying the ACT average 
4:1 ratio of appliance to lighting load to the average estimated summer electrical load 
for 1996-97 and 1997-98 of 151 MJ/week, the base appliance load is around 128 
MJ/week and lighting 24 MJ/week. 
Similarly, looking at the summer period gas load (no heating load) it is possible to 
estimate the split between cooking and water heating loads.  By assuming the summer 
cooking load is approximately 80 per cent of the full year average for the ACT at 
33 MJ/week, and the summer water heating load is 80 per cent of the full year average, 
the summer load is around 325 MJ/week and the average water heating load across the 
full years is around 406 MJ/week.   
To reality test the water heating estimate, the expected annual household energy 
consumption for a 5 star gas hot water system in the ACT is around 20,800 MJ 
(DEWHA 2008c) and by extrapolating the estimated hot water load for the full year the 
case study house would consume around 21,100 MJ.  This shows that the energy 
consumption estimate extrapolated from the seasonal load information is broadly 
consistent (within 5 per cent) with that expected for the average household and this 
type of appliance. Toward Net Zero Carbon Homes 
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The electrical appliance load will vary across the seasons as some appliances such as 
entertainment (TV, set top boxes) will be used less often in summer due to longer 
daylight hours and warmer evening temperatures, whilst other equipment such as 
refrigeration units will operate less efficiently due summer.  Research in Australia 
looking at the relationship between monitored and predicted refrigeration energy 
consumption found that (EES 2008) “The main factor affecting energy consumption of 
refrigerators is ambient temperature” noting that the higher the temperature the less 
efficient the appliance.  For the case study house, it would be reasonable to assume that 
the refrigeration unit would operate below expected efficiency during summer, 
particularly in an uninsulated and poorly shaded space, and at higher efficiency during 
the winter period. 
The calculation of annual energy consumption for the refrigerator/freezer in a 
reasonably well insulated home is helped by the well understood relationship between 
the amount predicted on the energy label from laboratory testing and typical household 
in-use consumption.  Harrington and Holt (2002) found that annual consumption is 
normally 90 per cent of that predicted by the Australian and New Zealand Test Standard. 
By applying assumptions based on well documented relationships to the summer and 
winter peak periods, an estimate of energy consumption by end-use can be extrapolated 
to reflect the pattern of consumption change during the eleven years of retrofit actions. 
4.9  Annual consumption pattern 1996-97 to 2006-07 
The projected annual end-use consumption patterns for each of the eleven year periods 
come from a reconciliation of the corrected annual consumption data for that year 
based on the energy billing data, applied to the appliance and equipment performance 
information built into the building energy model. Toward Net Zero Carbon Homes 
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The annual projected end-use consumption pattern starts at the baseline of 1996-97 
(Table 4-4) with a mostly uninsulated home, with incandescent and dichroic lighting, and 
reasonably efficient whitegoods.  As expected, due to the poor thermal performance of 
the building shell, the projected heating load is extremely high and above the Canberra 
average. The projected appliance load is relatively smaller than the ACT and national 
average due to fewer and relatively small appliances.  For example, the national average 
appliance stock during the monitored period for refrigerators and freezers (EES 2008) is 
1.31 and 0.44 units per home whereas the study house has only a small single combined 
fridge/freezer. 
Table 4-4: Projected shares of energy end-use consumption 1996-97 
1996-97  Gas  Electricity  Total MJ pa  Percentage 
Appliance    6,665  6,665  10 
Lighting    1,666  1,666  3 
Water heating  21,142    21,142  33 
Cooking  1,702  426  2,128  4 
Heating  17,888  14308  32,196  50 
Total      63,798   
 
The projected consumption pattern in 1997-98 (Table 4-5) changes with the 
introduction of ceiling insulation (fibreglass batts R3.0) above the lounge/dining room 
and primary bedroom.  Heating as a percentage of the total falls below the Canberra 
average of 49 per cent. 
Table 4-5: Projected shares of energy end-use consumption 1997-98 
1997-98  Gas  Electricity  Total MJ pa  Percentage 
Appliance    6,665  6,665  11 
Lighting    1,666  1,666  3 
Water heating  21,142    21,142  36 
Cooking  1,702  426  2,128  4 
Heating  14,789  11,600  26,389  46 
Total      57,991   Toward Net Zero Carbon Homes 
 
 
67 
 
 
In 1998-99 ceiling insulation was installed above most rooms and some of the most 
frequently used incandescent lamps were replaced with lower wattage compact 
fluorescent lamps.  With the whole house ceiling insulation increasing the stability of the 
kitchen temperature, in particular decreasing the summer peak temperature, the 
refrigerator load reduced.  Table 4-6 shows a significant decrease in heating energy 
consumption due to a more thermally efficient building fabric. 
Table 4-6: Projected shares of energy end-use consumption 1998-99 
1998-99  Gas  Electricity  Total MJ pa  Percentage 
Appliance    6,525  6,525  13 
Lighting    500  500  1 
Water heating  21,142    21,142  43 
Cooking  1,702  426  2,128  4 
Heating  10,621  8,612  19,233  39 
Total      49,528   
 
During 1999-00 a blanket of foil insulation was installed in the roof space to both reduce 
summer peak temperatures and to decrease winter heat loss.  The kitchen downlights 
were changed from 50 watt dichroic globes to 30 watt dichroic units. 
Table 4-7: Projected shares of energy end-use consumption 1999-00 
1999-00  Gas  Electricity  Total MJ pa  Percentage 
Appliance    6,515  6,515  14 
Lighting    450  450  1 
Water heating  21,142    21,142  46 
Cooking  1,702  426  2,128  4 
Heating  9,658  6,486  16,145  35 
Total      46,380   
 
During 2000-01 a final layer of R3.5 bulk insulation was installed over the top of the 
existing ceiling batts improving thermal comfort and reducing the heating demand.  At Toward Net Zero Carbon Homes 
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this point the ceiling/roof space insulation level is in excess of R6 (equivalent) and only 
very marginal benefits could be gained from additional ceiling insulation. 
Table 4-8: Projected shares of energy end-use consumption 2000-01 
2000-01  Gas  Electricity  Total MJ pa  Percentage 
Appliance    6,515  6,515  15 
Lighting    450  450  1 
Water heating  21,142    21,142  49 
Cooking  1,702  426  2,128  5 
Heating  7,532  5,394  12,926  30 
Total      43,162   
 
The west facing glass door was responsible for an evening glare issue and poor summer 
evening thermal comfort.  To solve this problem a pergola was constructed and partially 
covered with a fixed skin of 90 per cent shade cloth, and the remaining section of the 
pergola was designed to be covered with a temporary (seasonal) shade sail during the 
October to April hotter period.   Toward Net Zero Carbon Homes 
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Table 4-9: Projected shares of energy end-use consumption 2001-02 
2001-02  Gas  Electricity  Total MJ pa  Percentage 
Appliance    6,515  6,515  15 
Lighting    450  450  1 
Water heating  21,142    21,142  49 
Cooking  1,702  426  2,128  5 
Heating  8,249  4,433  12,682  30 
Total      42,917   
 
During 2002-03 the seasonal shade sail was installed on the pergola, and a few more 
incandescent lamps were replaced with compact fluorescent lamps, although as these 
lamps were infrequently used the benefit was minor.  The largest impact for 2002-03 
(Table 4-10) is the increase in heating due to the additional shade. 
 
Table 4-10: Projected shares of energy end-use consumption 2002-03 
2002-03  Gas  Electricity  Total MJ pa  Percentage 
Appliance    6,505  6,505  15 
Lighting    417  417  1 
Water heating  21,142    21,142  48 
Cooking  1,702  426  2,128  5 
Heating  10,112  3,728  13,840  31 
Total      44,032   
 
Part way through 2003-04 the refrigerator was replaced with a more efficient 
equivalently sized unit reducing the appliance load.  The remaining incandescent lamps 
were replaced with compact fluorescent lamps. 
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Table 4-11: Projected shares of energy end-use consumption 2003-04 
2003-04  Gas  Electricity  Total MJ pa  Percentage 
Appliance    6,237  6,237  15 
Lighting    333  333  1 
Water heating  21,142    21,142  49 
Cooking  1,702  426  2,128  5 
Heating  9,446  3,480  12,926  30 
Total      42,766   
 
Part way through 2004-05 cavity wall insulation in the form of loose-fill rockwool 
equivalent to R1.5 was retrofitted in all external walls, adding to the existing R1.5 
glassfibre batts.  The annual appliance energy consumption continued to fall reflecting a 
full year of operating the new and more efficient refrigerator. 
 
Table 4-12: Projected shares of energy end-use consumption 2004-05 
2004-05  Gas  Electricity  Total MJ pa  Percentage 
Appliance    5,968  5,968  14 
Lighting    333  333  1 
Water heating  21,142    21,142  50 
Cooking  1,702  426  2,128  5 
Heating  11,186  1,779  12,965  30 
Total      42,536   
 
During 2005-06 caps were installed over the five exhaust fans (kitchen, bathrooms, 
laundry) reducing the amount of heat lost to the roof space.  Additionally, draught 
proofing apparatus was installed on the front door, resulting in a small reduction in heat 
energy consumption.  The water heating unit was now over ten years old and after 
repairs in 2004 its efficiency was starting to deteriorate. 
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Table 4-13: Projected shares of energy end-use consumption 2005-06 
2005-06  Gas  Electricity  Total MJ pa  Percentage 
Appliance    5,968  5,968  14 
Lighting    333  333  1 
Water heating  21,354    21,354  52 
Cooking  1,702  426  2,128  5 
Heating  9,727  1,757  11,484  28 
Total      41,266   
 
During the final year of monitoring a front loader washing machine was purchased more 
than halving washing related energy consumption.  Light emitting diodes (LEDs) replaced 
the dichroic downlights above the kitchen bench reducing each downlight load from 
above 30 watts to 3 watts. 
 
Table 4-14: Projected shares of energy end-use consumption 2006-07 
2006-07  Gas  Electricity  Total MJ pa  Percentage 
Appliance    5,222  5,222  13 
Lighting    283  283  1 
Water heating  21,354    21,354  53 
Cooking  1,702  426  2,128  5 
Heating  10,201  1,332  11,532  28 
Total      40,519   
 
Combined, the set of measures from 1996-97 to 2006-07 had reduced energy 
consumption by more than a third, with electricity consumption reduced by over 
two-thirds.  Gas consumption, dominated by water heating, was reduced by only 
18 per cent over the eleven year period.  The projected breakdown of end-use 
consumption follows a logical pattern of consumption as the building and its appliances 
and equipment are changed through the eleven years. Toward Net Zero Carbon Homes 
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4.10  Comparison with NatHERS Results 
The amount of energy consumed (billed quantity) does not equal the amount of energy 
delivered for the functional need.  For example, gas wall furnaces, such as the one 
installed in the study house, delivers around 12 to 21 per cent less energy to space 
heating than available due to flue losses, therefore delivering between 79 and 
88 per cent of the consumed energy as usable heat for space conditioning (Ellis 2002).  
The efficiency of a gas furnace will also vary according to the load demanded from the 
system, with a higher efficiency for a larger load than a small load (SEAV 2003).  Some 
appliances can deliver more useful energy than consumed.  For example, an air source 
heat pump used for space heating can operate above 400 per cent efficiency on a mild 
day, but that efficiency drops with input (outdoor) air temperature, typically reaching 
around 100 per cent near -18
o
The house plans and elevations, and construction specifications were sufficient to 
develop a robust NatHERS (AccuRate) assessment of the house representing the 
expected heating and cooling energy demand.   
 Celsius. 
The energy predicted by the NatHERS model is usually higher than that actually 
consumed because it is highly unlikely that all parts of the building will be utilised by a 
household every hour of the day in accordance with the energy behaviour assumptions.  
The NatHERS settings assume that the household will manage the house to be thermally 
comfortable within a preset range each day for a twelve month period of average 
climatic conditions.  In reality, households are unlikely to maintain thermal comfort 
when away from the building.  If the activity of the household is known to be reasonably 
consistent for a sufficiently long period of use, the relationship between projected and 
modelled consumption can be used to describe the expected behaviour of the 
occupants relative to future building/appliance scenarios. 
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NatHERS assessments calculate the amount of heat energy to be applied or removed 
from a space to maintain comfort within a prescribed range, and does not consider the 
efficiency of the appliance providing that comfort.  To allow direct comparison between 
the energy consumption expectation for space conditioning from NatHERS modelling 
and the projected consumption extracted from the study house billing data, the average 
efficiency of 85 per cent is used for the gas wall furnace and the portable electrical 
heaters (oil-filled) are considered to be 100 per cent efficient.  After taking into account 
the efficiency of the heating appliances, Table 4-15 and Figure 4-6 showcase the 
relationship between the amount of energy projected to be used for space heating and 
the amount predicted by the NatHERS model. 
Table 4-15 documents the amount of gas and electricity projected from the billing data 
to be consumed for heating, the amount of energy delivered for heating after 
consideration of appliance efficiency, and the amount of heating energy predicted by 
NatHERS if the house was utilised for an average climate year under the standardised 
user behaviour settings. 
Table 4-15: Projected versus modelled heating energy consumption 
Period  Projected (MJ) 
 
Modelled 
(MJ) 
 
 
Gas  Electricity  Total  Delivered  NatHERS  Ratio 
1996-97  17,887.8  14,308.4  32,196.2  29,513.1  65,190.0  2.21 
1997-98  14,789.2  11,600.8  26,389.2  24,170.8  47,883.6  1.98 
1998-99  10,621.4  8,611.9  19,233.2  17,640.0  25,389.9  1.44 
1999-00  9,658.4  6,486.7  16,145.1  14,696.4  25,223.8  1.72 
2000-01  7,532.1  5,394.3  12,926.5  11,796.6  23,217.7  1.97 
2001-02  8,248.8  4,432.7  12,681.5  11,444.2  23,775.6  2.08 
2002-03  10,112.4  3,728.1  13,840.5  12,323.7  24,238.5  1.97 
2003-04  9,446.1  3,480.4  12,926.5  11,509.6  24,238.5  2.11 
2004-05  11,186.3  1,779.4  12,965.7  11,287.7  22,541.1  2.00 
2005-06  9,726.7  1,757.3  11,484.0  10,025.0  21,176.1  2.11 
2006-07  10,200.5  1,332.2  11,532.7  10,002.6  21,176.1  2.12 Toward Net Zero Carbon Homes 
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Figure 4-6: Projected versus modelled heating energy consumption 
0
10000
20000
30000
40000
50000
60000
70000
0
10000
20000
30000
40000
50000
60000
70000
MJ heating MJ heating
Modelled Projected
 
Table 4-15 and Figure 4-6 show that the amount of energy predicted by the model is 
always significantly higher than that recorded in billing data as expected, but the ratio of 
projected versus modelled consumption becomes more consistent as the building 
becomes more thermally efficient. 
In the base year, when the building had no ceiling insulation, the ratio of NatHERS 
modelled to delivered energy is relatively high at 2.21:1 showing that the household was 
willing to tolerate substantial periods of discomfort, probably due to the inability to 
maintain thermally comfortable conditions. 
As more ceiling insulation was added in 1997-98 and 1998-99 and the various spaces 
became easier to maintain thermally comfortable conditions, much more heat energy 
was taken in comfort and the expected savings were less than predicted.  This behaviour 
is classic rebound behaviour for households that have suffered thermally inefficient 
conditions.  As noted earlier, researchers such as Boardman and Milne (2000) and Sorrell 
(2007) have argued that the amount of energy rebound is much larger when the starting 
stock is thermally very poor and the climate more extreme. Toward Net Zero Carbon Homes 
 
 
75 
 
Gradually, as the building is made reasonably thermally efficient through the installation 
of high levels of ceiling and wall insulation and draught proofing, less energy rebound is 
taken and the ratio of predicted versus projected settles to a fairly consistent pattern at 
just over 2:1. 
The establishment of a settled relationship between the model and the projected 
delivered heating energy allows predicted future behaviour to be matched to future 
building/appliance/equipment scenarios, and reasonable estimates made of likely 
energy consumption.  The ratio of 2.06:1, representing the average ratio for the six years 
after the last tranche of ceiling insulation was installed, will be used to predict the 
heating energy impact of future retrofit actions. 
NatHERS star levels also provide a useful picture of the improvements made to the 
building over the eleven year period.  Table 4-16 lists the heating and cooling loads per 
square metre of conditioned space and the star level predicted by the 2
nd
Table 4-16: Predicted heating and cooling loads and star levels 
 Generation 
NatHERS tool (AccuRate). 
Period  NatHERS (MJ/m2)  Stars 
 
Heating  Cooling  Total 
 
1996-97  549.2  330.2  879.4  1.1 
1997-98  403.4  65.5  468.9  2.3 
1998-99  213.9  43.7  257.6  4.9 
1999-00  212.5  43.1  255.6  4.9 
2000-01  195.6  33.7  229.3  5.3 
2001-02  200.3  30.3  230.6  5.3 
2002-03  204.2  25.5  229.7  5.3 
2003-04  204.2  25.5  229.7  5.3 
2004-05  189.9  25.0  214.9  5.6 
2005-06  178.4  24.8  203.2  5.8 
2006-07  178.4  24.8  203.2  5.8 
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Table 4-16 shows that the house as built would have received only 1.1 stars according to 
2
nd
The NatHERS figures show that once insulation and shading devices are installed the 
cooling load is reduced by more than ninety per cent.  Such a small cooling load is 
unlikely to warrant the cost of purchasing an air-conditioner, although the possible 
replacement of the wall furnace heating system with a reverse cycle air-conditioning 
system would facilitate efficient delivery of both heating and cooling. The case study 
house does not have a space cooling appliance. 
 Generation NatHERS even with R1.5 wall insulation installed during construction.  
But because of the substantial benefit of ceiling insulation coupled with solar gain from 
the north facing windows, the house quickly moves toward 5 star performance.  By the 
time additional ceiling and cavity wall insulation is installed, seasonal shade devices are 
built and the draught proofing is complete, the house is achieving 5.8 stars. 
The NatHERS (AccuRate) certificates for the 1996-97 and 2006-07 specifications are 
shown in Attachment D. 
4.11  Renewable energy production 
During 2003-04 a grid interactive photovoltaic system was installed to reduce the carbon 
impact of the household.  The system consists of 18 BP Solarex SX80U panels and a 
SEAG-110-2K5 2.7 kW inverter.  The system is rated at 1.44 kW peak capacity, and 
allowance was made for an extension to 1.92 kW.  Figure 4-7 shows the installed system. Toward Net Zero Carbon Homes 
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Image 4-2: Installed grid interactive photovoltaic system 
 
Source: Author 
The amount of electricity produced by the system each year is listed in Table 4-17 with 
an average performance of 8,010 MJ per annum and a delivery of 5.56 MJ per peak watt 
of installed capacity.  The production values have been taken from the energy billing 
data, divided into equal weekly amounts within billing periods, smoothed within billing 
periods to follow season impacts and reassembled as 52 week blocks representing 
annual production. 
Table 4-17: Electricity produced by study house photovoltaic system 
Year  MJ   
2004-05  8042.0   
2005-06  7913.2   
2006-07  8076.9   
 
Figure 4-7 shows the seasonal electricity production for each of the years from 2003-04 
to 2006-07.  It should be noted that during periods when the house was unoccupied and 
the system was not being monitored, there may have been periods when the safety 
switch was triggered and electricity was not provided to the grid.  In Figure 4-7 this type Toward Net Zero Carbon Homes 
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of occurrence appears to have happened for a short period during the winter of 2005-06 
with a probable loss of between 100 and 150 MJ.  Therefore the production amounts 
listed in Table 4-17 should be seen as the amounts provided to the grid rather than the 
full amount of electricity produced. 
Figure 4-7: Energy production per week 2003-04 to 2006-07 
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It is interesting to note that in the final year of monitoring, the amount of electricity 
generated exceeded the household’s consumption of electricity, but after taking into 
account the quantity of gas energy used, the photovoltaic system produced less than 
20 per cent of the total energy consumed by the household.  Without significantly 
reducing the amount of gas energy consumed, it would be impractical to install 
sufficient photovoltaics to supply an equal amount of renewable energy. 
   Toward Net Zero Carbon Homes 
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Chapter 5 – House retrofit opportunities  
Research objective: To test the feasibility of operationally zero carbon using a case 
study 
Whilst the study house has undergone a range of retrofit actions to reduce the 
consumption of energy, the house is still well outside the performance requirement of a 
net zero carbon home.  What would the available scientific evidence show and expert 
advice convey as the best set of attributes of an energy efficient house, and the best set 
of retrofit actions to further reduce energy consumption and its carbon footprint? 
5.1  Future retrofit options 
The Your Home Technical Manual (Reardon et al. 2008), Australia’s premier residential 
sustainability design guide, lists the key design responses to cool temperate climates 
such as Canberra. The dominant influences are the cold winter months when 
temperatures can reach minus 10
oC and the short hot summers when temperatures can 
go to 40
o
•  use passive solar principles (maximize controllable north glazing) 
C.  The main strategies for thermal comfort are: 
•  high thermal mass is strongly recommended to store and release heat when 
more beneficial 
•  insulate thermal mass including slab edges to reduce winter heat loss 
•  minimise south facing glazing to reduce winter heat loss 
•  minimise east and west glazing to reduce summer heat gain 
•  shade north, east and west glazing to control heat gain 
•  use adjustable shading where possible to match solar gain with heat demand 
•  use double glazing, insulating frames and/or heavy drapes with sealed pelmets 
to insulate glass in winter 
•  zone (close off) spaces to minimise heat loss 
•  use cross ventilation and night time cooling in summer Toward Net Zero Carbon Homes 
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•  draught seal thoroughly and provide airlocks to entries 
•  use reflective insulation in the roof space to keep out radiant heat in summer 
•  use bulk insulation to avoid heat loss during winter and heat gain in summer. 
While the study house was designed with some of the recommended characteristics 
such as a reasonable amount of north facing glazing and cross ventilation, the original 
design missed many key elements needed to respond effectively to the local climate. 
By the conclusion of the first eleven years of retrofits most of the recommended actions 
had been undertaken with the exception of high performance glazing, entry door 
airlocks, and the exploitation of thermal mass.  The house design prevents the easy 
retrofitting of airlocks, but the other actions will be investigated in future scenarios. 
The above list provides a useful guide to those actions needed to improve the heating 
and cooling related energy performance of the house, and due to the cool temperate 
climate of Canberra thermal comfort will play a dominant role in the improvement 
strategies considered.  But thermal comfort is only one aspect of energy performance 
for residential buildings.  Energy consumption associated with the demand for light and 
hot water will need to be considered in the list of future retrofit actions as will energy 
consumed by the various appliances and equipment. 
The Your Home Technical Manual lists many areas of energy consumption behaviour and 
the application of technologies that will reduce the carbon impact of a residence: 
•  heating and cooling 
–  night purge rooms to remove summer heat 
–  provide the space conditioning from highly efficient appliances such as 
hydronic heating from a solar boosted system, ground or air sourced heat 
pump with a high coefficient of performance. 
•  lighting 
–  maximise natural lighting without excessive heat gain in summer Toward Net Zero Carbon Homes 
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–  use energy efficient artificial lighting technologies such as compact 
fluorescent lamps (CFLs) and light emitting diodes (LEDs) 
–  use lighting control systems such as timers and daylight sensors to reduce 
wastage 
–  add insulated light tubes or skylights for rooms without natural light 
•  hot water 
–  reduce demand for hot water with low flow shower and tap fittings 
–  wash clothes in cold water where possible 
–  reduce standing and line losses with cylinder and hot water pipe insulation 
–  heat the water using a low carbon impact hot water systems such as heat 
pump, solar or instantaneous gas 
•  cooking 
–  cook efficiently by covering heating volume (e.g. put lids on pots) 
–  maximise microwave oven use 
–  minimise convection oven use 
•  appliances and equipment 
–  reduce energy demand by minimising the number, size and use of 
appliances 
–  minimise standby energy consumption 
–  use energy efficient appliances with high star levels, such as 
§  refrigerators 
§  dish washers 
§  clothes washing machines 
•  low carbon energy 
–  add renewable energy technologies such as 
§  micro combined heat and power systems (CHP) 
§  photovoltaic systems (PV) 
§  micro wind turbines 
§  solar air heating systems. Toward Net Zero Carbon Homes 
 
 
82 
 
By the conclusion of the initial retrofit program many of the recommended actions had 
been undertaken.  In particular, the lighting system had been upgraded reducing lighting 
related consumption by more than 80 per cent. Also the refrigerator and washing 
machine had been upgraded to high energy star level performing products saving over 
25 and 50 per cent respectively, and a 1.44 kWp photovoltaic system had been installed.  
Whilst the refrigerator and washing machines were good energy performers when 
purchased, more recent technology improvements offer some potential savings. 
Water heating and space heating remain the largest energy consumers in the retrofitted 
home at 53 and 28 per cent of annual consumption respectively, and therefore offer the 
largest potential savings from future retrofit actions.  The appliance load has been 
reduced to 13 per cent of the annual energy consumption and therefore some 
opportunity for large savings is still possible.  The lighting system has been reduced to a 
very small annual consumption and any changes will only deliver marginal benefits. 
In Chapter 2 the strategy for producing a net zero operational carbon impact home was 
summarised as: 
•  reduce energy demand with passive design principles 
•  deliver that energy efficiently 
•  supply the total energy consumed with on-site zero carbon sources. 
By applying this strategy to the recommended retrofit actions it is possible to: 
•  eliminate energy wastage by improving the thermal fabric of the house, and 
store solar heat energy using thermal mass 
•  deliver that energy more efficiently with new water heating and space heating 
technology, replace major appliances with high star level products, and by 
reducing the standby load of appliances 
•  supply the reduced net annual energy demand from renewable energy sources. Toward Net Zero Carbon Homes 
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After considering the actions already undertaken and those recommended by the Your 
Home Technical Manual, the key opportunities for further energy saving and low carbon 
energy systems for the study house can be summarised as: 
•  water heating technology 
•  high performance glazing 
•  additional thermal mass where winter solar gain is possible 
•  space heating technology 
•  reduction of standby load for household appliances 
•  replace major appliances with high star performers 
•  replacing electric oven with combined microwave/convection oven 
•  expansion of the photovoltaic system 
•  additional renewable technology such as micro-wind or combined heat and 
power. 
Each of the key opportunities will be explored in more detail to determine their 
potential in the proposed refurbishment of the case study house. 
5.1.1  Water heating technology 
There are a number of low carbon impact water heating options such as solar water 
heaters, air source heat pumps, ground source heat pumps, and combined heat and 
power systems.  The small 434m
2 block means that there is little space available to 
retrofit a ground sourced heat pump.  The intermittent heating load is unlikely to be 
sufficiently large for a combined heat and power system which typically require over 
70,000 MJ of demand to be efficient.  Trials conducted by the United Kingdom Carbon 
Trust (Carbon Trust 2007) found that “The key to high performance is matching the 
thermal output of the Micro-CHP unit to the heat demand of the building, to ensure that 
it operates for many hours at a time, rather than intermittently ... The field trial results 
indicate that the Stirling engine Micro-CHP devices involved in the trial, with a typical Toward Net Zero Carbon Homes 
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power-to-heat ratio of around 1:10, are likely to be best targeted at houses with an 
annual heat demand of over 20,000kWh (after other cost effective and practical energy 
saving measures have already been implemented).” 
Air source heat pumps can provide very efficient heat during mild temperature 
conditions but become less efficient during the very cold Canberra winter months.  An 
assessment (Wilkenfeld 2007) conducted according to AS/NZS4234 for Zone 3 (includes 
Canberra) calculated an annual load of 4569 MJ for air source heat pump, 3276 MJ for 
instantaneous gas boosted solar hot water system (3.9m
2 collection area), and 1976 MJ 
for an evacuated tube electric boosted close-coupled solar system, all for a hot water 
demand similar to that experienced in the study house.  Given the need to minimise the 
total energy consumed rather than the carbon footprint at this stage in the zero carbon 
home strategy, the best option is the evacuated tube electric boosted solar hot water 
system with no less than 3.9m
2
Reducing the hot water load was not considered as the house was already upgraded 
with low-flow shower heads, tap fittings and appliances. 
 of collection area.  The carbon impact of the electric 
boost is eliminated by the renewable energy sourcing of that electricity. 
5.1.2  High performance glazing 
Since the introduction in 2006 of the minimum NatHERS 5 Star thermal performance 
requirement in the Building Code of Australia, double glazing has become a more 
popular selection and a large product range has entered the market.  The performance 
of double glazing ranges from a U value of 5.34 for a standard frame simple double 
glazed unit, to U3.76 with an improved (thermally broken) frame, to U2.51 for the 
improved frame, argon fill and low-e coating, to U1.73 for a timber frame, argon fill, 
low-e coated product.  With the existing aluminium framed single glazing achieving a 
U value of 7.63, the retrofitting of timber framed, argon filled, low-e coated double Toward Net Zero Carbon Homes 
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glazing should provide a significant thermal comfort benefit with commensurate energy 
savings. 
The amount of heating and cooling energy predicted by the NatHERS model for each 
glazing option keeping all other settings as per the completion of the 2006-07 retrofit is 
listed in Table 5-1.  This table demonstrates that the expected heating and total energy 
consumption for the high performance timber framed double glazing option is around 
half that of the existing windows. 
Table 5-1: NatHERS predicted energy consumption for various window options 
Period  NatHERS (MJ/m2)  Stars 
  Heating  Cooling  Total   
Existing windows  178.4  24.8  203.2  5.8 
Double glazing  146.3  19.6  165.9  6.4 
Double glazing, improved 
frame 
119.1  18.7  137.8  7.0 
Double, argon fill, low-e  105.9  15.7  121.6  7.3 
Double, timber frame, 
argon, low-e 
89.1  15.3  104.4  7.7 
 
No change to the existing heavy drapes and pelmets is recommended. 
5.1.3  Thermal mass 
Thermal mass when placed to absorb solar radiation whilst protected from the elements 
can provide useful heat storage to be re-radiated when the surrounding air temperature 
drops below that of the mass.  In the cool temperate climate of Canberra, well placed 
thermal mass can be used to store solar energy for use as night-time space heating in 
winter.  The partition between the lounge/dining and kitchen/living spaces is a prime 
candidate for increasing the available thermal mass because it is insulated from the 
elements, gains many hours of direct solar radiation in winter and connects two rooms 
used frequently during evenings with high heat demand.  The combination of additional 
thermal mass and the high performance glazing improve the NatHERS rating to 7.8 stars. Toward Net Zero Carbon Homes 
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The concrete slab flooring sits directly on the ground (no insulation), and because 
retrofitting insulation to an existing slab is difficult and expensive, it is probably 
beneficial to keep the insulating carpet and cork surface treatments.  Slab edge 
insulation has been retrofitted to the southern edge of the slab, as the adjacent ground 
receives no direct solar radiation during the winter months, with minor benefits. 
5.1.4  Space heating technology 
Space heating in the main living spaces is provided by a gas furnace with an estimated 
coefficient of performance (COP) of 0.85, and in the bedrooms by oil filled electric 
heaters (COP 1.0).  Alternative heating technologies include solar boosted hydronic 
heating, ground source heat pump and air source heat pump.  As explained earlier the 
ground source heat pump option is impractical due to space restrictions.  The solar 
boosted hydronic heating option, whilst likely to be a very low carbon impact solution, is 
difficult and expensive to retrofit.  An air source heat pump such as a 6 star rated split 
system air-conditioner can achieve an efficiency over 300 per cent for cooling and 
heating in a mild climate; that is, deliver many units of heat for each unit of energy 
consumed.  For example, the Fujitsu ASTA09LFC has a cooling efficiency of 5.2 and a 
heating COP of 4.8, and the Toshiba RAS-B10SKVP-E has a cooling efficiency of 5.1 and a 
heating COP of 5.08 and achieves an efficiency at maximum heating power of COP 3.56.  
The efficiency of an air source heat pump reduces as the input air temperature lowers. 
For the purpose of the scenario modelling a conservative COP of 2.5 is used to represent 
the average efficiency of an air source heat pump across all heating periods. 
5.1.5  Standby load 
A study of standby energy consumption (EES 2006) in 120 homes across three Australian 
States found that in 2005 on average standby energy losses accounted for around 
10.7 per cent of total household energy consumption, equivalent to 2900 MJ per annum.  
While much of this standby load cannot easily be eliminated because it is caused by a Toward Net Zero Carbon Homes 
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wide array of appliances in almost all rooms of the average house, the use of ‘standby 
saver’ or other similar power socket devices can reduce the standby load where many 
appliances and equipment are co-located such as computer areas (computer, printer, 
screen, network connections, scanners, etc) and entertainment areas (TV, DVD, set-top 
box, games consoles, hifi, etc).  For the purpose of the study the estimated saving by 
using standby saver technology is limited to a conservatively small 10 per cent reduction 
against the average household standby energy consumption. 
5.1.6  Major appliances 
During the eleven year monitoring period both the refrigerator/freezer and the washing 
machine were replaced with better energy performing products with commensurate 
annual savings.  Some seven years since the purchase of the refrigerator and four years 
since the purchase of the washing machine, the available technology has improved for 
both appliances and significant savings of over 20 per cent are possible.  It should be 
assumed that those savings will be taken up when each existing appliance has served its 
effective life. 
In the next few years televisions are expected to be added to the Australian mandatory 
energy labelling scheme (DEWHA 2009).  On the introduction of standardised testing 
and labelling it should be possible to estimate potential savings from replacing the 
existing units with high star level products.  A saving from the replacement of televisions 
is not included in the scenario modelling. 
5.1.7  Cooking 
Electric convection ovens are an inefficient way to cook food mainly due to the need to 
heat the oven interior, the air in the oven, the dish holding the food, and maintain that 
temperature against convective and radiant losses.  In contrast a microwave oven will 
only heat the water, and indirectly the fat and other substances in the food.  By 
substituting the existing electric convection oven with a combined Toward Net Zero Carbon Homes 
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microwave/convection oven the same food cooking outcome should be achieved for 
less energy.  The cost of standby energy for microwave ovens should not be 
undervalued as functions such as the clock are operating ever hour, but the microwaves 
are powered infrequently.  Research by the Australian Government (DEWHA 2008) on 
the energy consumption of microwave ovens has found “Interestingly, about half of the 
energy consumption of these products is while in standby mode(s).”  For the scenario 
modelling, the electric oven can be replaced with a low standby loss microwave oven. 
5.1.8  Renewable technology 
The installed grid interactive photovoltaic system consists of 18 BP Solarex SX80U panels 
in three sets of six panels and a SEAG-110-2K5 2.7kW inverter.  The system was rated at 
1.44kW peak capacity but was designed (roof connection structure and inverter) to be 
expanded to 24 panels bringing the total system capacity to 1.92kW.  The expanded 
system would supply approximately 10,681 MJ per annum.  Image 5-1 shows the space 
allocated for additional photovoltaic panels to the right of the existing panels.  
Additional space above the carport would also be available if necessary. 
Image 5-1: Grid interactive photovoltaic system being installed 
 
Source: Author Toward Net Zero Carbon Homes 
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As discussed earlier, the option of a combined heat and power system has been ruled 
out because of the lack of a sufficiently large and relatively constant heat load.   
Micro-wind turbines offer an opportunity to supplement the photovoltaic system by 
utilising a complementary resource; however the urban/suburban environment may not 
be conducive to a useful wind resource.  The Alternative Technology Association 
published a comprehensive study of the potential for micro-wind technology in Victoria 
and found (ATA 2007, 51) “The uneven nature of urban areas acts as a brake to wind 
and creates turbulent flow. Overseas, field trials have shown that wind models that have 
acceptable accuracy in flat rural areas tend to overestimate wind speeds in urban areas. 
This is due to the complex terrain creating unpredictable wind patterns at a micro level 
and making the wind virtually impossible to model.”  After consideration of various local 
and overseas case studies the report was unable to demonstrate a useful production of 
electricity from a system in the urban environment. 
Other concerns about forces on the mounting structure and vibrations caused by high 
turbine speeds were raised in the report (ATA 2007, 43) “The turbine will have a 
significant weight – in the order of 50 to 100 kgs for a one or two kW machine – 
comparable to the weight of solar panels. Unlike solar panels however, the turbine will 
introduce torque and bending moment forces about the mounting structure.” 
The ATA report also raised concern that the value of electricity produced by small 
domestic wind turbines in an urban environment is unlikely to cover the annual 
maintenance costs.  The report went on to note the lack of cost competitiveness of wind 
turbines versus photovoltaic panels, stating that in Melbourne (ATA 2007, 49) “Three 
different turbines were analysed in this way and in all cases it was found that wind 
turbines become cost comparative to PV at wind speeds between 5 and 6 m/s.”  These 
average wind speeds (around 18 kph) are highly unlikely to be found in the 
urban/suburban environment. Toward Net Zero Carbon Homes 
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5.2  Recommended action impacts 
There are a myriad of appliance, equipment and behavioural actions that can lead to a 
sustainable reduction in energy consumption in an existing home.  The items 
summarised in Table 5-2 are those recommended after consideration of the full set of 
options, and in particular, those that will lead to a substantial reduction of greater than 
100 MJ per annum.  The saving estimates are calculated by applying specific product 
efficiencies to the building energy model, or in the case of thermal loads, by applying the 
output of AccuRate assessments into the building energy model. 
Table 5-2: The energy saving impact of recommended retrofit actions 
Function and action  Current (MJ/yr)  Saving (MJ/yr)  New (MJ/yr) 
Appliance  5,222    4,465 
  Refrigerator upgrade    337   
  Washing machine upgrade    130   
  Standby power reduction    291   
Lighting  283  nil  283 
Water heating  21,354    2,029 
  Solar system 3.9m2 collector    19,325   
Cooking  2,128    1,915 
  Replace oven    213   
Space heating  11,553    2,000 
  Double glazing, low-e    5,642   
  Thermal mass    146   
  Heat pump    3,745   
Total  40,520  29,829  10,692 
Total (48 week usage only)      9,870 
Electricity generated  8,010  2,671  10,681 
 
Table 5-2 demonstrates that by undertaking the proposed retrofit actions using 
commonly available products, it is feasible to reduce the annual energy consumption of 
the study house to a level equivalent to that which can be supplied with a 1.92 kW Toward Net Zero Carbon Homes 
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photovoltaic system.  It should be noted that at various times of the year the supply of 
electricity generated would be less than that demanded (i.e. winter heating periods), 
whilst at other times the supply would exceed demand.  The grid is used as an unlimited 
and efficient battery to store excess electricity and call on that energy when needed.  
This assumption may need to be reconsidered if almost all houses switched to 
renewable energy and the electricity grid infrastructure was significantly altered. 
According to the definition of net zero carbon homes used in this study, because the 
amount of zero carbon energy generated is effectively equivalent to that expected to be 
consumed over a twelve month period, within the error range of calculations, it appears 
feasible to retrofit the case study house to be operationally carbon neutral. 
The house with the glazing and thermal mass recommended actions will have improved 
from NatHERS 5.8 stars in 2006-07 to 7.8 stars. 
Earlier in the study the projected (corrected) consumption profile based on raw billing 
data required corrections for periods of materially higher and lower energy 
consumption due to events such as overseas vacations.  Actual average consumption 
from raw billing data is approximately 93 per cent of the annual projected consumption, 
or in other words, on average the case study raw billing data reflects consumption in 
only 48 of the 52 weeks of the projected data.  Where the household takes their four 
weeks annual leave away from the home, the net result would be an excess of energy 
supply over demand of approximately 811 MJ and the house would be carbon positive. 
   Toward Net Zero Carbon Homes 
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Chapter 6 – Relevance of case study to existing 
housing stock 
Research objective: To determine the validity of applying the case study findings to the 
Australian housing stock 
The case study has demonstrated that an existing house in suburban Canberra can be 
retrofitted to the zero carbon standard using commonly available renewable energy and 
energy efficient technologies.  Is this case study house atypical?  Can the application of 
the three step strategy: (a) reduce energy demand with passive design principles; 
(b) deliver that energy efficiently; and (c) supply the total energy consumed with on-site 
zero carbon sources; deliver the zero carbon standard to all or even most existing homes? 
This Chapter will explore the relevance of the case study: firstly, to the local Australian 
Capital Territory housing stock; and secondly, to the Australian housing stock. 
6.1  Canberra housing stock 
In a study of the impact of energy ratings on houses sold in Canberra (DEWHA 2008a, 4) 
the data gathered found “The ACT market is made up of a relatively homogeneous stock 
of detached housing in suburban neighbourhoods. Over 87 per cent of existing homes 
sold in 2005 and 2006 were detached houses, mostly with 3 or 4 bedrooms. The average 
house size in the study sample was around 141m
2 on a block of 836m
2 located in a 
suburban setting averaging 11km from the central business district.” The study found 
the average conditioned floor area of 127m
2 and average window area of just under 
32m
2.  This sample is not fully representative of the Canberra stock as it excluded all 
homes built since the minimum standards were introduced in 1995-96 and therefore the 
findings represent only those buildings constructed without consideration of the energy 
rating.  It should also be noted that the sample was subject to more than a decade of 
renovation opportunity, and therefore some houses may have been thermally improved.  
Given this limitation, the study found (DEWHA 2008a, 4) “Before minimum energy 
performance standards were introduced, homes in the ACT were typically built to a Toward Net Zero Carbon Homes 
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standard lower than 2 stars. The average performance of homes in the study was just 
below 1.7 stars, with examples ranging from 0 to 6 stars.” 
The local detached stock floor area average in 1995 was 142.2m
2, which driven by much 
larger new homes was expected to increase to 178.9m
2 by 2010 (AGO 1999b).  New 
detached homes had increased in floor area from 149m
2 in 1995 to 238m
2 on average in 
2005, although this number was expected to stabilise due to block size and other issues 
(DEWHA 2008b).  The semi-detached and apartment stock is significantly smaller 
averaging 78.9m
2 in 1995 and 92.5m
2 in 2010, with new build over 110m
2 
The Australian Capital Territory Government established a compulsory minimum energy 
performance standard of four stars from 1 May 1996 (AGO 1999a), which was upgraded 
to five stars in 2006, and again upgraded in 2010 to six stars (COAG 2009). 
by 2005. 
The case study home has a floor area of 123m
2 with a conditioned floor area of 118m
2 
and a window area of 30m
2
The case study result of significantly improving the thermal performance from 1.1 stars 
NatHERS to 7.8 stars can be seen as an indicator of the potential to improve the older 
detached stock which averaged 1.7 stars.  As the volume of building to be heated and 
cooled for detached homes is slightly larger than the case study at around 15 per cent 
greater, the quantification of heating/cooling consumption would be perhaps about 
15 per cent larger.  This would not be the case for the much smaller semi-detached and 
apartment stock.  The younger stock is already significantly better in thermal 
performance and should have the necessary attributes to allow upgrade to beyond 
7.0 stars, although the volume of space to be made thermally comfortable will be larger. 
, slightly smaller than the average for the ACT housing stock 
of similar age, and much smaller than the stock of houses built in the last decade.  As 
built the home achieved only 1.1 NatHERS Stars and therefore can be considered to be 
worse than average for thermal comfort, and significantly worse than buildings 
constructed since the introduction of minimum energy performance standards. Toward Net Zero Carbon Homes 
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Other energy consumption loads such as hot water, cooking, refrigeration and clothes 
washing are a function of household size rather than a function of building floor area, 
and are therefore not expected to be harder to upgrade than the study house.   
The lighting load is related to floor area and will be higher for larger younger housing 
stock, particularly due to the widespread use of dichroic downlights, however CFL and 
LED low energy replacement products are becoming readily available. 
Average ACT energy consumption per household was around 61,500 MJ/annum in 1995 
increasing to around 71,000 MJ/annum in 2005 (DEWHA 2008b), in line with the 
growing size of homes and the high heating requirement.  The study house as built was 
estimated to have consumed about 63,800 MJ/annum in 1996-97, which is slightly 
higher than the average for that era, possible reflecting the poorer than average 
building fabric thermal standard. 
From this simple examination of the existing housing stock in the ACT, it is possible to 
argue that the retrofit actions taken or considered for the study house would be valid 
for many others and, starting from a similar annual energy consumption, the related 
energy savings are likely to be similar in size.  Therefore if renewable energy 
technologies could be installed to a similar or slightly higher capacity, and standardised 
behaviour patterns applied, many other Canberra homes, detached and semi-detached, 
could be upgraded to the zero carbon standard. 
The Canberra climate is the most extreme climatically (extreme hot and cold periods) 
large city in Australia, which is reflected in the very high average energy consumption as 
compared to the national average for the same era.  This can also means that if many 
homes in the Canberra climate can be made carbon neutral, then there is a high 
likelihood that houses situated in milder climates can also be retrofitted to meet the 
zero carbon homes standard. Toward Net Zero Carbon Homes 
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6.2  National housing stock 
Very few large studies of the thermal performance of the Australian housing stock have 
been conducted, with the most amount of information available for residential buildings 
in Victoria and the Australian Capital Territory.  In 1999, the Australian Government 
(AGO 2000c) commissioned a detailed study of buildings approved for construction in 
the 1990s to examine likely thermal comfort.  The study examined 110 council approved 
house plans from 1990 and 240 plans from 1999. The houses were selected to be 
statistically representative of the total building activity in Victoria.  The results were 
summarised (AGO 2000a, 13) “This modelling has established that without regulations, 
houses built between 1990 and 2000 would have had an average thermal performance 
equivalent to less than NatHERS 1 star rating. With current regulations, the post 1991 
housing stock was found to have an average performance level of 2.2 stars.” 
More recently, the Victorian Government (SEAV 2010) funded research into the costs 
and benefits of upgrading existing houses in suburban Melbourne.  The study found that 
the set of 15 houses ranged between 0 and 2.6 NatHERS stars and could easily be 
upgraded to between 3.5 and 5.3 stars.  The retrofit modelled included ceiling insulation 
(R2.5 or R3.5 according to ceiling type), wall insulation (R1.5 or R2.5 according to wall 
type), floor insulation (R1.5 where possible), simple aluminium framed double glazing 
windows, and various lighting and appliance upgrades.  As a key driver of the Victorian 
exercise was cost effectiveness rather than excellence in performance, the modelled 
energy improvements were significantly less than that achieved in the case study, and 
therefore the NatHERS performance improvements were less than would be expected 
by a more extensive upgrade.  Still, this study provides another insight into both the 
performance of the existing stock and the potential to upgrade, noting (SEAV 2010, 37) 
“The full upgrade package ... resulted in an average 3 star improvement, lifting the 
overall average across the 15 houses from 1.3 to 4.3 stars.” Toward Net Zero Carbon Homes 
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The national detached housing stock floor area averaged just less than 130m
2 in 1995, 
with an expectation of rising to around 148m
2 by 2010 (AGO 1999b), while new homes 
had increased from 176m
2 in 1995 to 230m
2 in 2005.  The average floor area of new 
semi-detached homes was significantly smaller at 128m
2 in 1995 rising to 149m
2 in 2005, 
with new apartment stock reaching 133m
2 
Average national energy consumption per household was around 51,000 MJ/annum in 
1995 dropping to around 48,900 MJ/annum in 2005 (DEWHA 2008b).  The case study 
house as built was projected to consume about 63,800 MJ/annum in 1996-97, which is 
much higher than the national average for that era, reflecting the relatively high heating 
load of the Canberra climate.  The relationship between floor area and energy 
consumption is less pronounced in milder climates found in the majority of populated 
Australia than for heating dominated climates such as Canberra. 
by 2005 (DEWHA 2008b).  
If we assume that the national housing stock is broadly consistent in NatHERS star 
performance with the studies available in the ACT and Victoria, which means the 
average is around 1.3 to 1.7 stars.  And, if we assume that a suitable set of retrofit 
actions, similar to those suggested for the study house but refined to address local 
climate needs, can be applied nationally with resultant star rating improvements and 
energy consumption reductions.  Then it is reasonable to argue that if renewable energy 
technologies could be installed to a similar capacity, and standardised behaviour 
patterns were applied, many homes in other Australian regions, detached and semi-
detached, could be upgraded to the zero carbon standard. 
When we consider the impact of the household rather than just the physical 
characteristics of the house and associated energy systems, actual net zero carbon 
impact will only occur if we can embed energy efficiency behaviour, similar to that 
embraced at the case study house, into the broader community.   Toward Net Zero Carbon Homes 
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Chapter 7 – Limitation of results 
7.1  Usefulness of results 
The use of a single case study to demonstrate the potential for retrofitting the 
Australian housing stock to a zero carbon standard using commonly available renewable 
energy and energy efficient technologies is fraught with danger. 
Impacts of local climate, housing styles, construction methods and materials, and 
individual household behaviour make extrapolating national results from a single case 
study difficult, therefore all care should be placed in drawing too strong a conclusion 
from the study. 
The expansion of the analysis to a larger range of real building types and household 
situations, and from different climates, would allow the energy saving estimates to be 
developed with greater confidence. 
The zero carbon standard retrofit in this study is only relevant to the specific house, in a 
specific climate, with a specific household.  The range of actions suitable for each 
retrofit, and their energy impact, will be specific to each house, the climate conditions 
faced and the behaviour of the occupants. 
The proposed case study retrofit actions, as well as those refurbishment actions already 
completed on the case study building, are commonly installed for many house types in 
many Australian climates, and therefore the results do have a level of usefulness for 
drawing conclusions for the greater existing housing stock. 
7.2  Related research questions 
The study has been limited to the technical aspects of moving a house to the net zero 
carbon standard.  Other issues are similarly important such as: Toward Net Zero Carbon Homes 
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•  What are the barriers discouraging all households from achieving such energy and 
carbon savings? 
•  What are the costs and financial benefits associated with retrofitting homes to the 
net zero carbon standard?  
•  What set of policies will transition the building market to a low carbon impact 
outcome? 
Amongst the barriers are questions about engaging the rental market, how to support 
low income households, and how to engage with households that are uncomfortable 
with new technologies. 
From a policy perspective what options are available to government to deliver national 
change?  Issues and options include: 
•  financial incentives (rebates, grants, loans) 
•  tax reform incentivising low carbon performance 
•  mandatory disclosure of performance 
•  minimum standards on sale or rent. 
Some researchers (SDC 2006, Boardman 2007) argue that to adequately address the 
large number of barriers discouraging low carbon homes, governments may need to 
establish new regulations requiring minimum standards to be reached each time a 
building changes ownership.  Boardman (2007, 6) suggests “A minimum standard is set 
and progressively tightened to transform the housing sector by making it illegal to re-sell 
(or let) the most energy-inefficient houses.” 
Are the costs of moving to the zero carbon standard prohibitive?  United Kingdom 
Government analysis (DCLoG 2009c, 42) noted on the costs for new build “... suggests an 
increased construction cost of £7,000 to £19,000 in today’s costs for a zero carbon home 
(with the proposed energy efficiency standard and allowable solutions). The capital cost Toward Net Zero Carbon Homes 
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does not take into account learning effects and innovation which could bring the cost 
down over the coming decade.”  How quickly can costs be lowered through accelerated 
programs of industrial learning, volume production and supply chain development? 
Are we locked into the current energy infrastructure paradigm due to the knowledge 
and skill set of key stakeholders (i.e. householders, building sector, energy sector)?  Will 
it take a significant program of education and training to move stakeholders to the new 
zero carbon homes paradigm?   
Will we need a new group of stakeholders to operate and maintain low carbon 
technologies or will existing householders be able to comfortably deal with newer 
technologies?  Researchers such as Williams (2009, 1) have argued “Residents have 
encountered difficulties in understanding, operating and maintaining new technologies 
in their homes. This is for a variety of reasons lack of knowledge, lack of time, difficulties 
obtaining replacements, aesthetic quality, poor design, lack of information about 
benefits etc. It seems that residents would prefer a service company to manage and 
maintain the technologies once installed. A combination of passive technologies 
maintained and managed by external service providers is the most likely to be effective 
in delivering energy targets in new housing.” 
Does the building design and construction industry have the knowledge and skill set 
needed to undertake cost effective renovations?  Researchers such as Roaf (Roaf et al. 
2007) have suggested “The world needs a new profession of ecotects, or archi-neers or 
engi-tects, who can design passive buildings that use minimal energy and that what 
energy they do comes from renewable sources if possible.  It is the only way forward.” 
When considering the move to the zero carbon standard for new construction the 
United Kingdom Government recognised the challenge of industry development 
(DCLoG 2007a, 20) “... we recognise that this agenda will require the development of 
new skills across the sectors involved, including housebuilders and local authorities ... Toward Net Zero Carbon Homes 
 
 
100 
 
we recognise that including energy use from appliances in the definition of zero carbon 
means that housebuilders will need to look into zero and low carbon sources of 
electricity supply, an area currently outside Building Regulations. This is a new area for 
most developers, both in terms of technical skills and the understanding of the 
regulatory system.” 
Will there be other benefits from a national program of zero carbon housing retrofits?  
For example, will a national retrofit program deliver quantifiable health benefits from 
thermally more comfortable homes, and the elimination of fuel poverty?  Will there be 
other benefits from innovative design, new construction techniques, green job creation, 
and a reconnection between lifestyle and the natural environment? 
Whilst this study has been limited to the practical examination of retrofitting a single 
existing house to the net zero carbon standard, the analysis of an extension of the 
concept of net zero carbon homes to the greater housing stock, and to a greater range 
of impacts, would offer a thought provoking and revealing study, which could be 
valuable in shaping future climate change policy. 
   Toward Net Zero Carbon Homes 
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Chapter 8 – Conclusions 
This study set out to test the research question  ̶  can the utilisation of commonly 
available renewable energy and energy efficient technologies allow an existing home to 
be retrofitted to be operationally carbon neutral? 
To answer the research question, the project pursued the following research objectives: 
•  to determine the need for addressing the carbon impact of existing homes 
•  to develop a methodology for calculating operationally carbon neutral homes 
•  to develop a building energy model from limited case study consumption data 
•  to test the feasibility of operationally zero carbon using a case study 
•  to determine the validity of applying the case study findings to the Australian 
housing stock. 
The study has found that there is substantial evidence that anthropogenic climate 
change is real and must be addressed.  There is evidence that the existing residential 
building sector is a significant contributor to greenhouse gas emissions, and therefore a 
program to retrofit the existing housing stock to have a lower carbon impact, such as a 
net zero carbon standard, would make a valuable contribution to national abatement 
targets. 
Boundaries can be established to define net operational zero carbon homes to allow the 
practical calculation of a building’s impact given assumed user behaviour, and that 
energy consumption predictive tools can be calibrated to reflect the reality of a specific 
house, with a specific household, in a specific climate. 
While caution must be noted in relation to the difficulty of determining actual system 
end-use consumption from periodical energy billing data, the case study has 
demonstrated that household energy consumption can be significantly reduced through Toward Net Zero Carbon Homes 
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the retrofitting of commonly available energy efficient technologies, appliances and 
equipment, even after the rebound effect has occurred at the micro-economic level. 
The case study has also shown that commonly available renewable energy systems can 
be retrofitted on site in a normal suburban setting to provide an amount of electricity 
equal or superior to that consumed by the operation of the house by a real household. 
By comparing the construction and energy consumption characteristic of the case study 
house to the greater Australian Capital Territory and national residential building stock, 
it appears that many more homes would be capable of being retrofitted to the zero 
carbon standard using commonly available renewable energy and energy efficient 
technologies.  Further studies will be necessary to increase the confidence of applying 
the single case study results to the greater building stock. 
The study has also raised many other related questions about the barriers to change, the 
policies that drive change, and the benefits and costs associated with moving the 
existing residential building stock to the net zero carbon home standard.  Further 
research into the issues of applying the net zero carbon home standard to the existing 
housing stock would provide valuable additional information into the national climate 
change debate. 
Although limited by the use of a single case study, this research project has found that 
the utilisation of commonly available renewable energy and energy efficient 
technologies does allow an existing home to be retrofitted to be operationally carbon 
neutral.  The concept of net zero carbon homes appears to be a worthwhile concept for 
climate change mitigation and adaptation policy consideration, and a more detailed 
examination of the costs and benefits of such a policy would be warranted. 
   Toward Net Zero Carbon Homes 
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Attachment A – Floor Plan, Case Study House 
Image A-1: Floor Plan of Case Study House 
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Attachment B – Canberra Climate 
Table B-1: Canberra Climate, 1999-2000 
Statistics  Jan  Feb  Mar  Apr  May  Jun  Jul  Aug  Sep  Oct  Nov  Dec  Annual  Years 
Temperature 
Mean maximum temperature (°C)   27.7  27.3  24.5  20.0  15.9  12.3  11.5  13.2  16.2  19.4  22.6  26.3  19.7  30  1971 
2000 
Mean minimum temperature (°C)  13.3  13.3  10.9  6.7  3.7  0.8  -0.1  1.0  3.6  6.3  8.9  11.6  6.7  30  1971 
2000 
Rainfall 
Mean rainfall (mm)   66.3  52.7  50.3  49.3  44.6  38.4  46.4  49.2  56.7  60.9  67.4  47.8  630.0  30  1971 
2000 
Decile 5 (median) rainfall (mm)   48.9  42.2  36.9  42.1  45.5  29.2  39.2  45.5  59.5  55.6  61.0  39.4  638.9  30  1971 
2000 
Mean number of days of rain ≥ 1 mm   6.0  4.6  5.0  5.0  5.2  5.3  5.8  6.8  7.3  7.5  8.0  5.4  71.9  30  1971 
2000 
Other daily elements 
Mean daily sunshine (hours)   9.3  9.1  7.9  7.2  5.6  5.1  5.6  6.8  7.4  8.5  8.9  9.3  7.6  23  1978 
2000 
Mean number of clear days   8.6  6.8  8.2  8.4  7.2  7.6  8.4  9.0  8.7  8.3  6.5  8.4  96.1  30  1971 
2000 
Mean number of cloudy days   10.6  10.1  10.5  10.4  12.8  11.7  11.2  9.8  10.1  10.5  11.4  10.0  129.1  30  1971 
2000 
Bureau of Meteorology 2007 Toward Net Zero Carbon Homes 
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Attachment C – Data Correction 
Energy billing data provides information about: 
•  the billing period (dates and number of days) 
•  total energy consumed (either kWh or MJ) 
•  cost of energy per unit consumed 
The billing data does not provide information about daily or weekly consumption 
patterns, the end-use of that consumption, or how occupant behaviour has impacted 
consumption. The inconsistent billing periods, ranging anywhere from 49 to 113 days in 
length, and not commencing on consistent dates, means it is hard to compare 
consumption from one period to another. 
Total energy consumed information from billing data masks daily variations due to 
climate, appliance failure, occupancy or other user behaviours.  To develop a building 
energy model that reflects actual use during the eleven year retrofit period, and predicts 
likely consumption due to possible retrofit actions it is important to divide the data into 
smaller and consistent segments, and to eliminate unusual periods of consumption. 
The data correction process used in this study allows the raw data to be: 
•  divided into shorter and consistent (weekly) periods to allow easier comparison 
•  corrected for unusual periods of high or low consumption 
•  smoothed to reflect the gradual nature of seasonal and behavioural impacts 
C.1  Weekly periods 
To facilitate annual comparison in consumption from inconsistent billing periods, each 
year is divided into weekly periods and matched against the energy billing period.  The 
total energy consumption amount from each bill is converted into the common metric 
Megajoules (MJ) and divided by the number of weeks listed for the billing period.  This Toward Net Zero Carbon Homes 
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process provides an average consumption for each week of the billing period, but masks 
variations due to climatic or occupant behaviour. 
C.2  Correcting for high and low consumption 
Total energy consumed information on the bill masks periods of high house energy 
usage (i.e. visiting family members), and periods of low house energy usage 
(i.e. overseas holidays).  The total consumed information can also mask periods of 
appliance or equipment failure such as the hot water system leakage in year 2003-04. 
To correct for substantial periods of low occupancy a diary of interstate and overseas 
holidays which left the house unoccupied was developed and matched against billing 
periods.  The average weekly consumption for all weeks of that billing period was 
adjusted by dividing the total energy consumed by only those weeks the home was 
known to be occupied.  For example, if the billing period was seven weeks long but it 
was known that the building was vacant for one week, the billing energy amount was 
divided by six weeks to establish an average weekly consumption that could be applied 
to the full seven week block.  This simple process is not perfect because standby loads 
and other fixed loads that are not subject to variable demand from occupants are not 
considered.  For the purpose of this study the simple approach leads to a slightly 
conservative (higher than likely) estimate of consumption.  No estimate of the likely 
error was calculated. 
For periods of unusually high consumption due to unusual occupancy patterns or 
equipment failure, the weekly consumption amount was corrected using the average 
consumption for the same weekly period for the immediate two years prior and post the 
event, or the immediate year prior and post the event where two years of data was 
unavailable.  These events were infrequent and impacted the quality of the data less 
than periods of low consumption due to annual holidays. Toward Net Zero Carbon Homes 
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Adjustments to the data have been limited to those that are materially large (impacts no 
less than a seven day period), and therefore many smaller impacts will continue to be 
hidden in the data. 
The end result of this stage of data correction reflects the likely weekly load if the house 
was habited in a normal (average) pattern for the full billing period. 
C.3  Seasonal smoothing 
Weather seasons gradually transition from periods of hotter to colder weather and back 
over many weeks, sometimes interrupted by short periods of unusual conditions.  But 
the energy billing data provides a single consumption amount for a period that varies 
from 7 to 16 weeks in length.  This means that during a single billing period seasonal 
changes will be hidden if we simply divide the bill equally across all weeks. 
To build a more accurate picture of consumption reflecting seasonal impacts the 
corrected data is then adjusted in week blocks at the boundaries between billing periods 
to smooth the transition between billing periods, and is also adjusted within billing 
periods to reflect the changing of the seasons.  This is particularly important for 
seasonally impacted loads such as heating and lighting consumption. 
For example, a billing period may start in the late summer where there are low seasonal 
heating and lighting loads but span until the start of winter where energy consumption 
is likely to be higher.  To better reflect likely consumption the colder/darker weeks of a 
billing period are loaded with slightly more of the average weekly billing amount than 
the warmer/lighter weeks.  This adjustment is limited to changes within each billing 
period and does not change the total amount of energy consumed for any billing period. 
This adjustment facilitates better comparison of any single seasonal period between the 
eleven years of data availability.  Because the same seasonal smoothing process is used 
for each year, the process does not impact on annual projected consumption. Toward Net Zero Carbon Homes 
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In Figure C-1 the results of the data correction and smoothing process can be seen for a 
short segment of the period between winter and summer.  Firstly, the raw data for the 
second billing period is corrected for a single week whereby the house was vacated 
(holiday).  Secondly, the data is smoothed to represent an approximate transition from a 
winter load week to a summer load week.  The total energy consumption for a billing 
period is unchanged by the smoothing process. 
Figure C-1: Example transition from winter to summer energy consumption 
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The end result of the correction and seasonal smoothing is an approximation of the total 
energy load for each week of the eleven years of billing data.  This data picture does not 
provide an accurate estimate of energy consumption for any single week but provides a 
systematic approach to enable reasonable comparisons for larger periods of time.  By 
limiting the extraction of results for the building energy model to periods of no less than 
six week summer and winter peak consumption blocks or annual periods, errors in 
individual week accuracy do not detract from the general trends extrapolated. 
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Attachment D – AccuRate Certificates 
Figure D-1: AccuRate certificate for case study 1996-97 
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Figure D-2: AccuRate certificate for case study 2006-07 
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Figure D-3: AccuRate certificate for case study future specification 
 